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Abstract
Water molecules confined to pores with sub-nanometer diameters form single-file hydrogen-
bonded chains. In such nanoscale confinement, water has unusual physical properties that are
exploited in biology and hold promise for a wide range of biomimetic and nanotechnological
applications. The latter can be realized by carbon and boron-nitride nanotubes which confine
water in a relatively non-specific way and lend themselves to the study of intrinsic properties of
single-file water. As a consequence of strong water-water hydrogen bonds, many characteristics of
single-file water are conserved in biological and synthetic pores despite differences in their
atomistic structure. Charge transport and orientational order in water chains depend sensitively on
and are mainly determined by electrostatic effects. Thus, mimicking functions of biological pores
with apolar pores and corresponding external fields gives insight into the structure-function
relation of biological pores and allows the development of technical applications beyond the
molecular devices found in living systems. In this Perspective, we revisit results for single-file
water in apolar pores, and examine the similarities and the differences between these simple
systems and water in more complex pores.

1 Introduction
Our everyday life, and life itself, relies on the transport of fluids through pipes, capillaries,
and channels, controlled by pumps, valves, and gates. 1,2 At the molecular scale, water and
ions are selectively and efficiently transported in and out of cells through the nanoscopic
pores of transmembrane proteins. 3 The extraordinary transport properties of biological
pores are due both to their specific and complex structures, 4–12 and to the unusual
properties of fluids confined to such molecularly narrow pores. 13–17 Indeed, filling and flow
behavior reminiscent of biological pores has also been observed in simpler, essentially
structureless synthetic pores. Carbon nanotubes with nanometer-scale diameters, for
instance, support water flow rates that exceed the expectations of macroscopic
hydrodynamics by orders of magnitude. 13,18–20 Due to their unusual transport properties,
nanopore membranes have great potential for technological applications ranging from water
desalination devices to hydrogen fuel cells. 19,21–23 The length dependent dielectric constant
of single-file water might be exploited in capacitors and in sensing devices. 24–26 In this
Perspective, we provide an overview of the fundamental properties of water in nanopores,
focusing on cylindrical channels with apolar walls and explore their significance for water in
biological transmembrane pores as well as for biomimetic applications. Our discussion is
based both on insights gleaned from computer simulations and on results from experimental
investigations of these remarkable systems.
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Carbon nanotubes, or their boron nitride analogues, provide exemplary systems to
encapsulate water and realize nearly ideal 1d confinement. 18,27,28 As shown using
molecular dynamics simulations, water penetrates the cavity of carbon nanotubes with pore
diameters down to the nanometer regime, even though their graphitic walls are considered to
be hydrophobic. 18 The filling of narrow carbon nanotubes with water has been confirmed
with neutron diffraction experiments, 29 transmission electron microscopy, 30 nuclear
magnetic resonance spectroscopy, 31 and density gradient centrifugation experiments. 32–34

Recently, Raman spectroscopy experiments based on the analysis of the radial breathing
mode have been used to demonstrate that carbon nanotubes with diameters as small as 0.55
nm, just wide enough for single-file water, imbibe with water. 35 Due to their smooth walls,
carbon nanotubes allow for high, nearly friction-less fluxes as observed in gas and water
flow measurements. 18–20 In addition, these tubes can be functionalized with charges to
mimic the special selectivity properties of transmembrane proteins, 36,37 making these
systems particularly interesting for technological applications.

Inside the orifice of carbon nanotubes with sub-nanometer diameters, water forms
continuous single-file chains, or wires, of hydrogen bonded molecules. 18 In contrast to bulk
water, where each molecule is involved in four hydrogen bonds on the average, in single-file
chains each water molecule participates in two hydrogen bonds, one donated to and one
accepted from a neighboring water molecule. This particular hydrogen bonding topology is
the origin of the unusual properties of single-file nanopore water, as discussed in depth in
this Perspective. Along a short chain, hydrogen bonds point into the same direction leading
to an orientationally and dipolarly ordered arrangement of molecules as illustrated in Fig.
1. 18 Flipping events, during which the dipole moment of the entire chain changes sign, are
rare but occur occasionally via the diffusion of orientational defects from one end of the
chain to the other. Such defects display atypical hydrogen bonding, analogous to the
hydrogen bonding patterns of Bjerrum defects in hexagonal ice, 38 and form where ordered
domains of water molecules of opposite direction meet. 10,39 Depending on the orientation
of these domains, the defect molecule either donates two hydrogen bonds and accepts none,
or accepts two hydrogen bonds without accepting any. In analogy to the hydrogen bonding
defects occurring in hexagonal ice, these defects are named L defects and D defects,
respectively. 39 The dynamics of hydrogen bonding defects is intimately connected to the
response of water wires to time dependent electric fields and determines their dielectric
relaxation behavior. 24 Thus, dielectric spectroscopy experiments can yield microscopic
information on the particular hydrogen bonding structure and dynamics of 1d water. 24,25

Alternatively, vibrational spectroscopy has been suggested as a means to probe the
molecular arrangements of nanopore water experimentally. 40 Due to the non-specific
interactions of the water molecules with the carbon nanotube walls and the simple structure
of the water wires, such systems provide an interesting way to investigate hydrogen bonding
between water molecules in a simplified environment.

One-dimensional (1d) water chains are also of particular interest as wires for fast proton
transport 41 via the so-called Grotthuss mechanism. 10,11,39,42–44 As indicated by computer
simulations, the proton mobility in a 1d water wire inside a carbon nanotube exceeds that in
bulk water by a factor of 40, 39 in accord with simulation data for hydrophobic model
channels 45 and observations of gramicidin A, where the proton transport is considerably
faster than the transport of other cations. 10,11,46 Proton translocation through membranes,
however, is impeded by the desolvation penalty associated with removing the proton from
bulk water and inserting it into the pore, where it experiences an environment of reduced
polarization. 47,48 Also, rapid proton transport requires completely ordered, defect-free
water wires 39. While for short water chains the strong dipolar interactions between the
water molecules lead to long-lived perfect order, hydrogen bonding defects are bound to
occur for longer wires. 49 In fact, as known from the statistical mechanics of 1d systems,
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dipole-dipole interactions are too short-ranged to support long ranged dipolar order, such
that no ordered phase exists in the thermodynamic limit at finite temperature. 50,51

Nevertheless, the strong thermodynamic preference for filled carbon nanotube and the large
energetic cost of hydrogen bonding defects counteracting the entropic gain of defect
insertion leads to dipole-ordered chains of macroscopic lengths. 49

The remainder of this Perspective is structured as follows. We briefly describe the structural
differences of synthetic nanotubes and biological pores in Sec. 2, and introduce the basic
properties of single-file water in Sec. 3. Based on a coarse-grained model introduced in Sec.
4, we discuss the length dependence of these properties in Sec. 5, and the influence of
external fields in Sec. 6. We then indicate how apolar pores can serve as model systems for
more complex pore structures in Sec. 7, and conclude with a brief discussion in Sec. 8.

2 Nanopores
Water-carrying pores with diameters in the nanometer range occur naturally in biological
systems and in minerals, and can be synthesized from a diverse range of materials. The most
studied and structurally simplest containers for single-file water are carbon nanotubes (see
Fig. 1). 52 Their electrical properties, ranging from semi-conducting to metallic, are
determined by the chirality, i.e., the direction in which the graphene sheet has been “rolled
up”. 53 The interactions of water molecules with the carbon nanotubes are relatively
unspecific, primarily confining the water molecule to their interior. As shown by molecular
dynamics simulations, water molecules experience the carbon nanotube walls as smooth,
such that motion in the axial direction is largely unimpeded by water-wall interactions.
Electronic structure calculations indicate that, at least for short carbon nanotubes, 27 the
polarizability of the carbon nanotube has only a minor effect on the distribution of dipole
moments of water molecules encapsulated by the tube, justifying the use of simple, non-
polarizable models for the water carbon-interactions or computationally even less
demanding effective potentials for the water-wall interactions. Remarkably, the effective
dipole moment of water in 1d chains obtained from quantum chemical calculations was
found to be close to that of rigid point-charge model developed originally for simulations of
bulk water. 27,49

An alternative way to enclose water in a 1d cavity is provided by boron nitride (BN)
nanotubes. 54,55 The structure of BN nanotubes is similar to that of carbon nanotubes, with
the carbon atoms substituted by boron and nitride atoms such that boron and nitride atoms
alternate. 56,57 Although isoelectronic to carbon nanotubes, the wider band gap of boron-
nitride tubes renders them semi-conducting for all tube chiralities and sizes, 58 with
electronic properties controlled primarily by covalent functionalization. 59,60 In contrast to
water in carbon nanotubes, water molecules in boron nitride nanotubes form hydrogen bonds
to the nitrogen atoms that slow down the diffusion. Nevertheless the properties of water in
boron-nitride nanotube are qualitatively similar to those of water in carbon nanotubes such
that these tubes have been suggested for similar applications. 54,55,61–64 In particular, dipole-
ordered single file chains form in BN nanotubes as readily as in carbon nanotubes.

In contrast, biological nanopores spanned by 1d water wires form in many different ways.
Their specific structures and geometries determine the selectivity and flux rates. In
aquaporins, for example, the transmembrane helices forming the pore wall leave an
hourglass-shaped water channel between them (see Fig. 2). 66 In gramicidin A the pore is
located within two aligned β-helical polypeptide chains. Aquaporins transport water
molecules through cell membranes but prevent the transport of ions including protons.
Gramicidin A, in contrast, is a good conductor of protons and other monovalent cations.
Both pores are cylindrical in the narrow single-file region, with the more polar gramicidin
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pore lined by backbone carbonyl groups that interact favorably with monovalent cations.
The transport through both channels is highly selective and efficient. 4,67 We will discuss
these transport properties in more detail in Sec. 7.

In addition to carbon and boron nitride nanotubes, several other containers for quasi-1d
water can be manufactured, including solid state nanopores 68–71 such as silicon nitride
sieves 72 and silanized channels in silicon wafers 73,74, silicon nanotubes 75, synthetic
polypeptide channels 76, zeolites 77, and metal-organic nanotubes 78.

3 Water in apolar pores
Carbon nanotubes provide ideal systems to study single-file water and the translocation of
water, ions and hydrogen bonding defects through nanopores. In this section, we will first
discuss the filling of short pores immersed in water and then review the transport of water
and ions through them. We will pay special attention to the transport of protons and defects
along the water wire, because these modes of charge transport involve dipole reorientation
effects specific to 1d nanopore water.

3.1 Filling of apolar pores
Molecular dynamics simulations showed that short (6,6) armchair carbon nanotubes,
immersed in bulk water at ambient conditions, spontaneously fill with a single chain of
water molecules. 18 In such chains, each water molecule donates a hydrogen bond to a
neighboring molecule on one side and accepts one from a molecule on the other (Fig. 1).
Water molecules in this single-file arrangement thus loose approximately one to two
hydrogen bonds compared to bulk water. The associated loss in energy is compensated by
(1) strengthening of the remaining hydrogen bonds relative to those in bulk, (2) favorable
vander Waals (dispersion) interactions with the tube wall, and (3) residual rotational entropy
of the dangling OH bond. 79–81

The hydrogen bonds in single-file water tend to be more directional than in bulk water
because of the more ordered environment, a resulting lack of competition between water
molecules for hydrogen bonding partners, and the collective orientation effect arising from
long-range dipolar interactions. As a result of the strong hydrogen bonds, water molecules
do not easily separate from each other to form a gap in the chain. Note, however, that also in
single file water, the average life time of a hydrogen bond is in the picosecond range and
exceeds that in bulk water only by a factor of 3 to 5. 18,40 The reason is that the short time
dynamics of hydrogen bonds is dominated by a rotational exchange process, in which the
hydrogen atom involved in a hydrogen bond and the dangling hydrogen atom of a particular
water molecule change place. The barrier for this transition is low, leading to frequent flips
between the two possible hydrogen bonding configurations that differ only by the identity of
the hydrogen atom participating in the hydrogen bond donated to the neighboring water
molecule.

The ordered water chains are further stabilized by long-range dipolar interactions between
the water molecules, by van der Waals interactions of the water molecules with the pore, and
by entropic contributions from dangling OH bonds. Dipolar interactions contribute about
one quarter of the hydrogen bond energy. Vander-Waals interactions are important because
of the high local density of carbon atoms. Despite the hydrophobic character of flat graphene
sheets, wrapping them up into a nanotube increases the number of van der Waals
interactions experienced by each water molecule. 82,83 Consequently, water molecules bind
more strongly to the cylindrical tube walls than to the flat surface. In addition, an increase in
rotational entropy due to the orientational freedom of the dangling hydrogen atoms not
involved in hydrogen bonds contributes to the stabilization of the water molecules in the
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pore. As a result, the entropy of a water molecule within an ordered chain in the interior of
the nanotube is comparable to the entropy of a molecule in bulk water. 79

The filling of short carbon nanotubes observed in computer simulations depends sensitively
on the tube-water interactions and the chemical potential of the water bath applied in the
simulations, 84 indicating that such pores in contact with bulk water at ambient conditions
are close to the transition between the empty and filled states, reminiscent of a vapor-liquid
equilibrium. 81 Consequently, a small modification of the tube-water interactions or the
chemical potential can lead to a degeneracy of the free energy of the filled and the empty
tube, 18,79,81,85–87 opening the possibility to control the filling transition of a carbon
nanotube, for instance by chemical modification. Bistable filling behavior is captured by a
1d spin model, which was used to draw a qualitative map of bi-stability as a function of the
energetic coupling between adjacent spins, which represent water molecules. 85 Note that
this bistable behavior observed for short tubes depends on the boundary conditions of the
tube, because the filled state of a tube immersed in water is more stable than that of an
isolated tube. 84 Also, this behavior depends strongly on the pore length, as will be discussed
later

3.2 Water and ion transport
Molecular simulations show that during tube filling, a single chain of water molecules
pushes into the channel from one side and moves through the pore until it reaches the other
opening. 84 An analysis using an Ising-type model suggested that the filling of the tube
involves an energetic barrier in its initial stages, but once the first molecule has penetrated
the pore, the filling proceeds rapidly. 85 In simulations, the rate of entry of the first water
molecule was indeed found to be ≈5 times slower than the rates of subsequent entries. 84

Once the tube is filled, the water chain collectively moves back and forth as a result of
thermal fluctuations. During this random walk, water molecules of the chain are released
from one of its ends, while new ones are attached at the other end. Over time, this random
motion leads to water transport 88 that becomes directional only under a free energy
gradient, e.g., due to an osmotic imbalance. 21 Due to the smooth inner walls of the tube, the
flow rate of water through the tube is high. In a filled tube that can hold at most five water
molecules about 17 water molecules per nanosecond enter the tube on one side and exit it on
the other side. 18 This collective diffusion of water is well described by a continuous time
random walk model 88 or a collective diffusion model 89 for wider tubes. The random water
transport through short nanotubes and gramicidin-like channels is nearly independent of the
pore length. 90,91 In contrast to tube filling, where the water molecules entering the tube face
an energetic barrier, model calculations suggest that the emptying of the tube has to
overcome an entropic barrier related to the formation of an empty bubble at the pore
entrance, a rare event in liquid water. 85

Narrow carbon nanotubes effectively suppress the transport of ions, while permitting high
water fluxes through their smooth inner tube. 21,37,92,93 The suppression of ion flow can be
exploited for desalination and osmotic water transport. 21,23,37 Ions are excluded because of
the high energetic cost of partial desolvation in narrow pores, and by the electrostatic
repulsion of tubes with charged rims. 37 Through pores with diameters exceeding ≈1.5 nm,
typical ions can pass with an intact first hydration shell, and without significant barrier. 92,93

In contrast to the physical transport of water and ions, protons are transported via structural
diffusion of ionic and hydrogen bonding defects, similar to the charge transport in water ice
and quite distinct to that in bulk water. 38,43,94
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3.3 Proton and hydroxide transport
In bulk water, an excess proton has a mobility that exceeds that of other small, monovalent
ions by about an order of magnitude, an effect that can at least be partly explained with the
so-called Grotthuss mechanism. 42–44 In this simple model, the excess proton exists in its
hydrated form as hydronium ion that donates three hydrogen bonds to adjacent water
molecules. Proton transfer occurs by a hop of one of the hydronium protons to a water
molecule along a common hydrogen bond. The water molecule onto which the proton has
hopped then forms the new hydronium ion, which will exist in this form until the next
proton hop occurs. Consecutive proton hops lead to a rapid diffusion of the hydronium ion
defect, which is thus formed by oxygen and hydrogen atoms whose identity constantly
changes. While the Grotthuss-process captures the essential physics of proton transfer in
bulk water, the true situation is more complicated as the hydronium ion is only the limiting
form of a continuum of possible configurations of the hydrated proton and the fundamental
proton hopping step involves the rearrangement of the hydrogen bond network around the
charged complex, as shown in extensive molecular dynamics simulations based on a multi-
state empirical valence bond model. 95–97 Similarly, auto-ionization of water, i.e., the
formation of a hydroxide and hydronium ion and their subsequent separation, involves the
collective rearrangement of water molecules to destabilize the dissociating water molecule,
provide a proton wire, and then break the wire to prevent rapid recombination. 98 In single-
file water, the structural diffusion of a proton along the 1d water wire is unencumbered by
solvent reorganization and, therefore, follows more closely the picture envisioned by the
Grotthuss mechanism. A similar picture applies to the transport of a hydroxide ion defect,
which can be viewed as a proton hole moving along the water wire. Transport again occurs
through a sequence of proton hops. 99

The diffusion of a proton, or a proton hole, along a water chain requires that the chain is
dipole-ordered in the right direction, see Fig. 4. Transport of an excess proton, for instance,
can occur only along a water chain, in which the hydrogen bonds, and consequently also the
dipole moment of the water molecules, point away from the diffusing proton. In turn,
hydroxide ions can diffuse along water chains, where the dipole moments point towards the
hydroxide ion. These two situations are illustrated in Fig. 4B and C, respectively. Note that
in Fig. 4B the hydrated proton is shown as hydronium ion, or Eigen cation, in which the
excess proton is strongly attached to a particular water molecule. However, this is just one
possible configuration of the protonic defect, which can also exist in a Zundelcation
configuration where the excess proton is shared between two molecules, and in all
intermediate configurations. 100 Note that once a defect is located within the chain it can
diffuse in both directions.

The proton and the proton hole (hydroxide) move differently with respect to the direction of
proton migration. In both cases the positive charge migrates in the direction of the proton
hops. But while for the excess proton the protonic defect also moves in this direction, the
hydroxide ion moves in the opposite direction. In both cases, the diffusion constant of the
charge defects is considerably higher than that observed in bulk water. For the excess proton
in a single file water chain, molecular dynamics simulations yielded a diffusion constant of
approximately 0.17 nm2/ps, which is 40 times faster than proton diffusion in bulk water. 39

Hydroxide ions are expected to diffuse at a similar rate. 101 These fast motions and the
similar diffusion constants of protons and proton holes along water wires result from the
absence of solvent effects and the nearly barrier-less hop of the proton from one water
molecule to the next along a hydrogen bond.

Proton diffusion is at least a factor 10 larger then the diffusion of water molecules through
short pores 88. Consequently, the diffusion of the water chain has only a minor effect on the
speed of proton diffusion through the pore.
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While protons diffuse very rapidly along 1d water chains, the translocation rates of protons
through water-filled carbon nanotube membranes are nevertheless very small. 48 The reason
lies in the large desolvation penalty required to removing an excess proton from the bulk and
introducing it into the pore interior where it is poorly solvated compared to the bulk. For
example, a proton entering a membrane of short carbon nanotubes faces a barrier of about
10 kcal/mol, as shown by free energy calculations based on an empirical valence bond
model to describe the water-proton interactions. 48 In these simulations it was demonstrated
that protons are preferentially located at the tube entrance or in the spaces in-between
nanotubes, where they can exist in the Eigen-like structure of a hydronium ion that donates
three bonds to adjacent water molecules without accepting one. In the bulk such structures
are less stable than close to the pore entrance because of the strain they exert on the
hydrogen bond network of bulk water. These findings are consistent with the preference of
the proton to be located at hydrophobic interfaces. 102,103 As the desolvation barrier creates
an energetic bottleneck for proton entry into the pore, proton currents are small. At a pH of
7, about one proton per hour and pore crosses the membrane, but this rate is expected to
speed up greatly at lower pH, in pores embedded in a dielectric medium, and under the
influence of electric fields. The importance of desolvation is consistent with observations for
simple model pores and for aquaporins. 47,104,105

3.4 Transport of orientational defects
As the proton or the hydroxide ion move along the water chain, they leave flipped water
molecules behind with orientations opposite to those before ion passage. 106 Hence, the
translocation of a proton or hydroxide through a membrane pore reorients the entire water
the chain in the pore (see Fig. 4). As we will discuss later in detail, this reorientation of the
water chain is a polarization effect that accounts for ≈40% of the effective charge
transported, with the proton defect itself accounting for the remaining 60%. 39 To complete
the transfer of the entire charge through the membrane and return to the initial water
configuration before the charge transfer has started, a hydrogen bonding defect has to
diffuse along the chain to re-orient the water molecules to their original
direction, 38,46,107,108 as shown in Fig. 4E and F. Also, the hydrogen bonding defects carry
effective charges arising from dipole flips accompanying defect migrations.

The origin of these effective charges, analogous to the effective charges of Bjerrum defects
in hexagonal ice, 38,39 can be understood in detail in terms of the simple dipole model
described in a later section. In the following, we will discuss the structure of hydrogen
bonding defects and their transport along the water wires.

As depicted in Fig. 4E and F, hydrogen bonding (or orientational) defects are formed where
two chains of ordered water molecules of opposite direction meet. At the defect site, an
intermediate water molecule with anomalous orientation keeps the total number of hydrogen
bonds constant with respect to the perfectly ordered chain. Depending on the orientation of
the two water wires meeting at the defect, this defect molecule typically either accepts two
bonds without donating any (see Fig. 4E) or donates two bonds without accepting any (see
Fig. 4F). In allusion to the hydrogen bonding defects in ice, the former is called D defect and
the latter L defect (Fig. 4F). 39,109

The basic step of defect motion involves the breaking and reformation of hydrogen bonds
between the defect molecule and a next neighbor molecule. The two molecules rotate such
that the defect molecule and the next neighbor molecule change roles as the old hydrogen
bond acceptor becomes the new donor and vice versa. Experiments on water clusters suggest
different mechanisms for this exchange. 110 The reorientation of the hydrogen bond network
along the water wire renders the hydrogen bond defect motion slower than proton diffusion,
which does not involve cleavage and formation of hydrogen bonds. In molecular dynamics
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simulations diffusion constants of DD ≈ 0.05 nm2/ps and DL ≈ 0.03 nm2/ps have been
determined for D and L defects, respectively. 39

As mentioned earlier, the structural diffusion of orientational defects is necessary to
complete the translocation of a proton (or proton hole) through a membrane and prepare the
pore for the next translocation event. To re-orient the chain depicted in Fig. 4D, for instance,
either a D defect must cross the wire from the left to the right or an L defect from the right to
the left. In both cases, the chain is re-oriented after the passage of the defect, completing the
charge translocation. Due to the effective charge of the defect (with a magnitude of 0.4e)
and the reduced effective charge of the protonic defect (with magnitude 0.6e), a full
elementary charge e has crossed the membrane only after both the protonic defect and the
orientational defect have transversed the pore. Note that the sequence of migration of an
ionic defect followed by the migration of a hydrogen bonding defect is arbitrary (but both
the “hop” and the “turn” step are necessary for complete charge transport through the
predominately ordered chain 10,111). We could have also started with the re-orientation of
the chain depicted in Fig. 4D via migration of an orientational defect and subsequent
migration of an ionic defect. Although orientational defects diffuse at a rate slower by a
factor of 3–5 than the excess proton, 39 the reorientation of the chain due to the diffusion of
a hydrogen bonding defect is not the rate limiting step for proton transport, because the latter
face a larger desolvation barrier when entering the tube. For a short nanotube in water, chain
reorientation was found to occur with a rate of ≈2/ns. 112

Finally, we point out an important conceptual relation between ionic defects and
orientational defects. D defects and hydroxide defects are always located between ordered
segments of water molecules with dipole moments pointing towards each other. Similarly, L
defects and hydronium defects (or Zundel structures) are located between chains pointing
away from each other. Thus, ionic defects can be viewed as deprotonated D defects and
protonated L defects, respectively. In a single disordered chain, L and D defects have to
alternate independently of the degree of ionization of these defects.

4 Coarse-grained view of single-file water
The molecular configurations depicted in Fig. 4 suggest a coarse-grained view of single-file
water. Several coarse-grained models have been developed to study the thermodynamics and
kinetics of tube filling and water transport, 49,49,85,113,114 charge transport and order
properties, 36,39,49,81,115,116 and dielectric response of single-file water 24,25,117. In the
following we discuss one of these models, the dipole lattice model, 49,81 to obtain physical
insight into the chain energetics and effective interactions.

As observed in molecular dynamics simulations, water molecules in single-file arrangement
are more or less evenly spaced, forming a 1d lattice with a spacing given by the average
nearest neighbor distance. 10,39 Due to the strong hydrogen bonds acting between neighbors
in the water chain, the dipole moments of the water molecules are essentially aligned with
the tube axis with only small fluctuations about the parallel or antiparallel direction. The
molecules associated with D and L defects experience reduced orientational freedom. Their
dipole moment is oriented orthogonal to the pore axis due to the symmetric arrangements of
hydrogen bonds to the neighboring molecules.

The effects of the configurational constraints imposed on the system by the hydrogen bonds,
and the free energetics of the water chain, are captured by a 1d lattice model. 49,81 This
reduced description provides a transparent picture of polarization effects induced by the
flipping water molecules and the resulting effective charges carried by defects. Each water
molecule is represented by a point dipole with orientation either parallel or antiparallel to the
pore axis. The point dipoles are located on the sites of a 1d lattice with regular spacing,

Köfinger et al. Page 8

Phys Chem Chem Phys. Author manuscript; available in PMC 2012 October 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



which can also be empty or occupied by ionic or hydrogen bonding defects. Ionic defects,
i.e., protons and proton holes, are represented by Coulombic charges of magnitude ±e, and
hydrogen bonding defects correspond to dipoles orthogonal to the pore axis. Since defects
are located between dipole ordered segments of opposite direction, their positions determine
the total dipole moment of the chain. To take into account the constraints imposed by tight
hydrogen bonds on the configuration of the proton and the proton hole, the protonic defect is
located between two ordered dipole segments that point away from the proton, and the
proton hole between dipole segments that point toward the hole. These directions of the
water chain segments near the proton and the proton hole coincide with the directions of
possible proton hops. The center column of Fig. 4 shows exemplary dipole configurations
corresponding to the molecular arrangements displayed in the left column.

The energy of a water chain is determined by the strong but short-ranged hydrogen-bond
interactions of nearest neighbor molecules and by longer-ranged dipole-dipole interactions.
The total Hamiltonian of the dipole model for a lattice of N sites and spacing a populated by
n dipoles is given by

(1)

where the indices i and j number the lattice sites, ri j = a|i − j| is the distance between sites i
and j, μ is the magnitude of the dipole moment and ε0 is the permittivity of the vacuum.
Note that here, for simplicity, we have omitted ionic defects, which can be added to the
Hamiltonian in a straightforward way. 81 The relative orientation of a pair of dipoles at sites
i and j is encoded in the variable si j: if the dipoles are parallel si j = 1 and if they are
antiparallel si j = −1. If one of the two sites is empty or occupied by a defect, si j = 0. In the
equation above, the double sum runs over all pairs of dipoles that are at least two lattice
spacings apart. Water molecules interact via their average total dipole moment μ along the
tube axis which is about 80 % of the dipole moment of a free water molecule. 39,49 This
estimate was obtained using an empirical, non-polarizable water model, with similar values
obtained from density functional theory. 27 The dipole interaction of defect molecules can be
neglected as their dipole moments are typically perpendicular to the tube axis. Short ranged
nearest neighbor interactions are included in (n − nc)Ec, where Ec is the contact energy
between two neighboring molecules connected by a hydrogen bond and nc is the number of
continuous (gapless) chains in the system. The subtraction of nc from n in the contact energy
term takes into account that a continuous dipole chain of m dipoles has only m − 1 hydrogen
bonds. The total interaction energy of two hydrogen-bonded molecules Ec within an ordered
segment ≈6kcal/mol, as estimated using empirical force fields. 39 The hydrogen bonds of
defect molecules are slightly less stable, but part of the energy difference is compensated by
an increase in entropy.

The entropy of single-file water can be separated in translational and rotational
contributions, both of which are included in the dipole model. The translational
contributions to the entropy are due to the fragmentation of chains, i.e., chains of hydrogen-
bonded molecules with empty gaps between them, and the inner translational degrees of a
chain, i.e., the configuration space explored by water molecules within a chain for fixed
chain position. The latter is approximately constant for fixed particle number and acts like
an effective chemical potential for varying particle numbers. The rotational entropy of a
chain of water molecules is related to the number of dangling OH-bonds. 81 The latter can
be considered to be a conserved quantity for a single chain as orientational defects always
connect chains of opposite direction. For example, an L defect (Fig. 4F) donates two bonds
without accepting any and thus the number of dangling OH-bonds is reduced by one.
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However, it connects two chains pointing away from each other. Consequently, the chain
has two end molecules with two dangling OH-bonds instead of one molecule, such that the
number of dangling OH-bonds is increased by one compensating for the lost bond at the
defect. A similar argument can be made for the D defect. As a consequence, the number of
hydrogen bonds, and thus the number of dangling OH-bonds, is conserved for an arbitrary
number of defects in the chain. Only when a chain is split into two the number of dangling
OH-bonds increases by one which results in higher entropy compared to the single chain
which is included in ncSc of eqn (1). This entropic contribution to the free energy has been
estimated to be Sc ≈ −2 kcal/mol. 81

The dipole model described above very naturally connects the reorientation process of the
water molecules to the effective charges carried by the hydrogen bonding defects as well as
the proton and the proton hole. In the mathematically equivalent charge picture of this model
(Fig. 4 right), all long-range interactions in the sense of non-nearest neighbor interactions
are expressed as Coulomb-like interactions between effective charges carried by
orientational defects and by the endpoints of the water chains. Defects carry effective
charges of magnitude 2μ/a ≈ 0.4e and chain ends carry charges with half this magnitude.
While the charge of the D defect is positive, that of the L defect is negative. The sign of the
charges at the chain endpoints depends on their orientation. Excess protons and proton holes
can be viewed as L and D defects bearing an extra charge of +e and −e, respectively.
Accordingly, the charge effectively transported along the water chain is e − 2μ/a ≈ 0.6e and
that of the proton hole is −e + 2μ/a ≈ −0.6e.

The charge picture presented in Fig. 4 embodies the effective interactions of defects and of
defects with the chain ends. 39,49,81 A single defect in a chain is always attracted by the
charges at the chain ends, and likewise L and D defects attract each other. Similarly, a single
ionic defect is always repelled by the chain ends, leading to an approximately quadratic free
energy well for the total dipole moment of the chain as has been observed in molecular
simulations. 10,39 Since L and D defects alternate within a chain, ionic defects are always
repelled by hydrogen bonding defects next to them.

In the charge picture, the total energy of single-file water is given by

(2)

where the sum extends over all effective charges qk of the system. Note that the Coulomb 1/
r-interaction in the above equation is not exact, but accurately approximates the true
interaction of effective charges. The exact interaction between effective charges can be
expressed in terms of polygamma functions. 81 The Hamiltonian of eqn (2) is linear in the
number of defects nd, the number of chains nc, and the number of particles n. The defect
excitation energy Ed is the free energy needed to introduce a defect at a specific position in
an infinitely long chain and has been estimated as Ed ≈ 8kcal/mol. To split a long chain into
two parts and separate the parts infinitely far from each other, a free energy of cc ≈ 6kcal/
mol is needed. If we add a water molecule to an infinitely long chain we gain free energy of
c ≈ −6kcal/mol. The dipole lattice provides explicit expressions for all of these quantities
which are completely determined by the parameters μ, a, Ec, and Sc. 81 These parameters
can be estimated in molecular simulations. To extend the dipole lattice model to ionic
defects, the effective charges and the excitation energies of ionic defects have to be
included.

Köfinger et al. Page 10

Phys Chem Chem Phys. Author manuscript; available in PMC 2012 October 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The charge picture outlined above facilitates the understanding of the charge transport along
a water wire from one side of a membrane to the other. In this picture, for instance, an
ordered chain pointing to the right is represented by a positive charge of q = μ/a at the right
end, and a negative charge −q at the left. After the proton has passed through the wire from
left to right, the charge is e − q on the right and q − e on the left. Therefore, the proton
motion carried an effective charge of e −2q across the wire. To complete the charge
transport and bring the water wire back to its original orientation, a charge of magnitude 2q
needs to be moved from the left to right. This additional charge transport is accomplished
via the diffusion of a hydrogen bonding (orientational) defect. Only after this second step
has an entire elementary charged been translocated across the membrane.

The dipole lattice model was developed for water in nanotubes in vacuum with no direct
contact to a water bath. For short tubes, different boundary conditions can have large effects,
and the dipole model has to be adapted accordingly. For example, in a free chain we observe
a repulsive interaction of a protonated defect with the chain ends. However, contact of the
tube with a water bath leads to an effective attraction with the chain ends due to desolvation
and polarization effects. 48

The motion of defects along water chains is effectively diffusive 39,112 and can be modeled
as a Markov process 25. In such a kinetic model, each defect hops with a certain transition
rate to a neighboring position and subsequent hops are statistically uncorrelated with each
other. The transition rates, defined such that they conserve the equilibrium distribution,
depend on the diffusion constant of the defects as well as on the free energy surface
experienced by them as they interact with other effective charges present in the chain. For
short chains, defects are typically generated at the chain ends and no more than one defect at
a time is typically observed in the system. Once a defect hops to the chain end, it is
annihilated. If there are multiple defects in a chain, two defects recombine if they hop next
to each other. The inverse process facilitates the generation a pair of defects, an L defect and
a D defect separated by a single molecule, anywhere within an ordered segment of water
molecules. This process becomes the predominant mechanism for defect generation in long
tubes.

5 Phase behavior and its system size dependence
In the previous sections we have mainly discussed single-file water chain in short pores,
whose properties are strongly influenced by the boundary conditions at the tube entrances
and by their finite lengths. As synthetic pores up to essentially macroscopic lengths can be
manufactured, 20 we now discuss the length dependence of various features of single-file
water. Such an analysis not only yields insights into the fundamental nature of water under
1d confinement, but also points to ways to probe the peculiar properties of nanopore water
experimentally.

The phase behavior of 1d systems is determined by the range of interactions. 50,51,118 For
water molecules in single-file arrangement, the dipole-dipole interaction dominates at large
distances, decaying as 1/r3 with distance r. For interactions decaying faster than 1/r2, the
energy for creating an interface between an ordered “up” and an ordered “down” segment is
finite. According to the Landau argument for 1d spin models, however, a finite interface
energy leads to disorder for any sufficiently large system. 119 The reason for the non-
existence of an ordered phase at finite temperatures is that the entropy due to the formation
of a single kink increases like ln N with system size N. Consequently, if the system is large
enough, the entropic gain of introducing a kink will become larger than the energetic penalty
and the system becomes disordered. Note that the spins can represent both the up/down
orientations of water molecules, and occupied/empty sites, thus ruling out both a vapor-
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liquid phase transition and an order-disorder phase transition (see Sec. 5.3). One might
wonder how this argument translates to the dipole lattice model in the charge picture, where
the long range interaction is Coulombic. Obviously, as this picture is mathematically
equivalent to the dipole picture of the model, no phase transition occurs. From the point of
view of the charge picture, the dipole character of the interaction between water molecules
manifests itself in the fact that effective charges alternate in sign as one moves along the
chain and that only neutral charge pairs can be created.

The Landau argument also rules out the existence of ordered states and consequently true
phase transitions for water in wider nanotubes. 120,121 However, the apparent translational
and orientational order of water in short tubes can exist to great, macroscopic lengths as we
shall see in the following in the case of single-file water. In this sense, it is meaningful to
discuss the “phase behavior” of nanopore water, including novel “ice phases” in cylindrical
confinement, 122 but one must keep in mind that no true phase transitions exist in such
systems.

5.1 Filling transition
The water filling of apolar pores with sub-nanometer diameters depends sensitively on the
environmental conditions, the tube lengths, and the strength of the water-pore interactions.
As a result of this sensitivity, water in short pores is strongly influenced by the boundary
conditions and shows bistability of distinct filled and empty states over a range relative
humidities (see Fig. 5). Using the dipole-lattice model, the dependence of this bi-stability on
the tube length and the effective chemical potential has been studied with Monte Carlo
simulations. 81 It was found that the bi-stability becomes less pronounced with increasing
tube length and vanishes for tubes longer than ≈ 300 nm, i.e., tubes with a maximum
occupancy number of at least ≈ 1000 molecules. As the bi-stability gets weaker, the
transition from an empty tube to a completely filled tube as a function of the effective
chemical potential, or, equivalently, of the fugacity, of water gets steeper with increasing
tube length, as shown in Fig. 5. Although the filling transition is step-like for long tubes, the
slope of the adsorption isotherm remains finite everywhere even in the thermodynamic limit,
as expected for 1d-Ising behavior. When bistability is lost, the adsorption isotherms have
essentially converged to their thermodynamic limit. The filling transition in this limit occurs
at about 8.5 % relative humidity. 49

5.2 Order-disorder transition
According to the results discussed above, carbon nanotubes at ambient conditions are
essentially completely filled for relative humidity > 10 %. Even for such filled tubes,
however, empty gaps with sizes of the order of one lattice spacing occur as expected from
the Landau argument. These gaps do not influence the ordering behavior of the water chain,
as confirmed by investigations based on the dipole lattice model. 49,81 In the following we
examine the dipolar order of single-file water chains and discuss how this order breaks down
in the long chain limit.

In a short tube, the dipoles are typically completely ordered with all molecules pointing in
the same direction, up or down. Transitions between these two possible ordered states with
dipoles parallel or antiparallel to the tube axis occur rarely, but when they occur, they
happen rapidly through the motion of a defect along the water chain. 112 Thus, single-file
water chains in short pores form two-state systems, which spend nearly all of the time in one
of the two dipole ordered states. This behavior of predominantly ordered chains is reflected
in the free energy as a function of the total dipole moment, which shows two deep minima
for the ordered states and a flat barrier in-between (see Fig. 6). With increasing tube length,
the entropic gain of introducing orientational defects outweighs their energetic penalty.
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Consequently, the average defect number increases with chain length and destroys the
orientational order. The order probability, i.e., the probability that the system is completely
ordered and free of defects can be approximated by P0(N) = (1 + e−βEd)−N. This expression
is a consequence of the low defect density, which renders the defect interactions, and
therefore also their correlations, negligible for all statistically important configurations. The
system size at which a single defect is present in the water chain with 50 % probability is
given by ≈ 5 × 105 molecules, corresponding to a tube length of ≈ 0.1mm. This length is
within the range of the diameters of human hair and we call the order macroscopic. 49

Beyond this size, the average number of defects grows linearly with system size like
exp(−βEd)N. The reasons for the remarkable, almost macroscopic length over which 1d
water chains are orientationally ordered are the strong thermodynamic preference for a filled
tube at ambient conditions, the large energetic penalty of hydrogen bonding defects, and,
finally, the relatively small number of molecules required to reach macroscopic lengths in
one dimension.

5.3 Single-file water as a cold Ising Model
It is instructive to summarize the length dependence of the filling transition and the
orientational order for single-file water at ambient conditions by pointing out the relation of
nanopore water to the 1d Ising model at low temperatures. 25,117,123–125 Neglecting
interactions between the effective charges carried by defects and chain endpoints, the dipole
model can be reduced to the 1d Ising model with Hamiltonian, 117

(3)

where the N spins si = ±1 interact only with nearest neighbors and are exposed to the
external field h. No periodic boundary conditions apply. For small systems, i.e., short tubes,
at low temperatures, the Ising model shows two-state behavior with either all spins pointing
“up” or “down”. The reason is that the formation of a kink where “up” and “down” spins are
next to each other is energetically costly. As the tube length increases, however, the
formation of defects becomes entropically favored and complete order is lost. The spins of
the Ising model can represent either empty and occupied sites, such that the model can be
used to study the filling of the pore, or molecules pointing to the left and the right, in which
case the model mimics dipolar order. In both cases, the coupling constant and the external
field can be readily expressed in terms of the model parameters of the effective Hamiltonian
given in eqn (2). 117

In the case of tube filling, the total magnetization given by Σi si is related to the total
occupancy number and the external field represents the effective chemical potential that
includes both the effect of the water bath as well as the tube-water interaction. The coupling
constant is then given by J ≈ c/2 ≈5ε, where ε = 2μ2/(4π ε0a3) is the energy scale of the
dipole-dipole interactions. Here, the different possible orientations of the water molecules
are neglected and configurations with all spins “up” and all spins “down” correspond to
completely filled and empty states, respectively. The latter are predominant in short tubes,
where we rarely observe states with a single kink. This behavior is in agreement with
molecular dynamics simulations of single-file water, where during the filling or emptying of
the tube typically only one interface is formed. For long tubes, the Ising-model estimate of
the chemical potential at which filling takes place is in good agreement with simulations
results based on the full Hamiltonian of eqn (2). 81
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The order properties of a single-file chain are related to the 1d Ising model via the
correspondence of the total dipole moment to the magnetization. In this case, the external
field h represents an external electric field pointing along the tube axis. The coupling
constant J is now system size dependent, i.e., J = (Ed − 6ε/N)/2 and converges to J = Ed/2 for
long tubes. 25 This length dependence, important for the orientational dynamics and
dielectric response of water in short tubes, is due to the Coulomb interactions of a kink
(defect) with the chain ends.

6 Response to electric fields
Single-file water reacts sensitively to external electric fields. 79,126–129 Generally, one may
differentiate between effects of fields parallel and orthogonal to the tube axis. Orthogonal
fields can disrupt the hydrogen bond network, generate defects, and perturb proton
transport 90,126. In contrast, small fields parallel to tube axis can have significant effects on
the tube filling and on the order and transport properties of single-file water, whereas the
orientations of individual water molecules within an ordered chain segment remain largely
unaffected. An external homogeneous field E along the tube axis adds the energy −E Σi qizi
to the Hamiltonian given by eqn (2). An inhomogeneous field couples to the individual
dipoles instead.

6.1 Influence on filling
Molecular simulations of short pores, where the total dipole moment exhibits two-state
behavior, show that an external electric field leads to a stabilization of the completely filled
and ordered state, 79 because of the strong interaction of the aligned water dipoles with the
field. External fields pointing along the tube axis favor the “up” state in which all water
dipoles are aligned with the field. As a result, the total dipole moment responds sensitively
to external electric fields. In the “up” state, the magnitude of the dipole moments of
individual water molecules projected onto the tube axis was found to be unaffected by the
external field up to strengths of ≈ 1V/nm. This is a consequence of the stabilizing effect of
the strong hydrogen bonds between water molecules that remain largely undistorted by the
field.

A similar stabilizing effect of an electric field on the filled state is expected for long tubes,
where the average length of dipole ordered segments of molecules parallel to the field is
increased while the length of segments anti-parallel to the field is decreased. Consequently,
electric fields lower the energy of the filled state without necessarily changing the number of
orientational defects.

6.2 Influence on order and proton transport
The coupling of the total dipole moment to the external electric field tilts the free energy
profiles shown in Fig. 6 by −EM, where M is the total dipole moment. For predominantly
ordered systems, the interaction energy of the ordered states with the electric field grows
linearly with the tube length. The ordered state aligned with the field becomes more stable,
and the free energy in the barrier region is slanted towards this state. A defect moving on
this slanted free energy profile will drift faster than on the almost flat energy landscape in
the absence of external fields (Fig. 6). The energy profile of a defect with effective charge q
at position z incurs a linear perturbation at small fields, −qEz. As a result, electric fields
lower the activation barriers for the transport of a proton through a pore, and for the
subsequent transport of a defect restoring the original chain orientation. 48 Consequently, we
expect a roughly exponential increase in the rate of proton transfer with small, linearly
increasing fields.
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For long tubes, the free energy curve for the total dipole moment shows a quadratic
minimum that is skewed and shifted by the external field. It is important to note, that since
the electric field couples to the total dipole moment, longer chains will generally react more
sensitively to electric fields along the axis. This effect becomes clear, when we look at the
linear response of single file water to a time-dependent homogeneous electric field.

6.3 Dielectric response
Due to the particular way single file water chains respond to external static and time-
dependent fields, recent calculations suggest that dielectric spectroscopy offers a viable way
to probe the remarkable properties of nanopore water experimentally. 24,25 Simulations of a
kinetic version of the dipole model indicate that for all system sizes, single file water chains
show Debye relaxation behavior, characterized by an exponentially decaying autocorrelation
function of the total dipole moment. 24 Thus, the linear response to a time-dependent electric
field is fully determined by the static susceptibility χ and the relaxation time τ. 130 The
origin of the Debye behavior is different for short and for long chains. In short chains, the
dipole autocorrelation function decays exponentially due to the their two-state behavior and
the related first order kinetics between the two completely ordered states. Long chains, in
contrast, are disordered, but the defect density is low such that they can be considered as
uncorrelated. The dipole autocorrelation function then results from the diffusive motion of
defects, which determine the time evolution of the total dipole moment. The combined effect
of these defects leads to De-bye relaxation behavior as shown analytically for the kinetic 1d
Ising model by Glauber. 131

The static susceptibility of a water-filled nanopore membrane, calculated under the
assumption that chains in different tubes are uncorrelated, strongly depends on the length of
the pore. For a pore density of ≈2,500μm−2, an area density of slightly wider tubes in a
recent experimental study, 37 the static dielectric susceptibility spans five orders of
magnitude, from χ ≈ 0.1 for nanometer long pores to χ ≈ 104 for millimeter long
pores. 24,117 For short tubes, the static susceptibility increases linearly with tube length as
expected for a two-state system, before it saturates at a constant value for longer tubes as
defects arise. 25 From the slope of the susceptibility-vs.-size curve in the linear regime one
can determine the average dipole moment of water molecules in the tube direction. The
crossover between the linear and the constant regimes occurs at a length where one
hydrogen bonding defect is present in the chain in the average, such that the crossover
position provides information on the defect creation energy. The static susceptibility of long
tubes exceeds that of bulk water (χ ≈ 80) by about a factor of 100, although the average
water density in the nanopore membrane is 3000 times smaller than in the bulk liquid.

Similar size dependent behavior is observed for the relaxation time in kinetic simulations of
the dipole lattice model, which varies from ≈ 10ns for short tubes holding ≈ 10 molecules to
≈ 0.1 s in the long tube limit, spanning seven orders of magnitude. 24,25 For short pores, the
relaxation time increases sub-linearly due to the size dependence of the free energy barrier
separating the two ordered states. The barrier grows with increasing length because a defect
present at the center of the chain in the transition state configuration is separated from the
effective charges of opposite sign at the chain ends. 25 Since for constant barrier height the
relaxation time would increase linearly with system size, a curvature in the τ (N)-curve for
small system sizes is a signature of the Coulombic interactions between the effective charges
carried by defect and chain ends. Once the chains are long enough such that this interaction
becomes negligible, the relaxation time increases linearly and then converges to a constant
value for long tubes. By analyzing the size dependence of the relaxation time one can
determine the diffusion constant for hydrogen bonding defects moving along the water
chain. 24,25
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6.4 Vibrational spectroscopy
Recently, vibrational spectroscopy has been suggested as another route to probe the structure
of nanopore water experimentally. In particular, the vibrational line shape of the OH-
stretching mode of an HDO molecule in a chain of D2O molecules carries information on
the different local environments experienced by the OH bond. As shown by recent
simulations 40 based on a mixed quantum/classical approach, 132–134 the shift of the OH-
frequency from its value in the gas phase is considerably more pronounced in the hydrogen
bonded configuration than for the OH-bond in its dangling configuration, in which the OH
bond is less influenced by the neighboring water molecules. As a consequence, the infrared
and Raman line shape of the OH-stretch is split into two peaks that can be assigned to these
two configurations. These characteristic features also distinguish single-file water from the
stacked-ring structures arising in wider nanopores, such that the vibrational spectroscopy
may be used to verify the structure of 1d water chains, which have been investigated only
theoretically to date.

7 Single-file water in apolar nanotubes as a model system
In the following, we compare single-file water in apolar pores to water in more complex
confinement, such as metallic nanotubes and biological transmembrane water channels. As
we will see, many properties of single-file water in apolar pores are conserved in more
complex pores and pore surroundings.

7.1 Synthetic pores
In metallic nanotubes, screening charges lower the effective dipole moment of water
molecules inside the tube. 135 These screening charges favor the filling of the tube and lower
the desolvation penalty of a proton entering the pore. However, the water structure of the
chain itself remains largely unaffected. For example, a proton in a chain shows similar
repulsion by the chain ends as was observed for apolar tubes. For short tubes, we expect the
metallic character to show up primarily as an enhanced axial polarizability.

Electronic structure calculations show that carbon and boron nitride nanotubes display
curvature-induced polarization, 55,136 which leads to the preferential formation of L
defects. 137 The polarization leads to electric fields at the pore ends pointing into the pore
and the dipole moments tend to align with this field by generating an L defect. The effect of
pore polarization on the water structure emphasizes the importance of the boundary
conditions for short pores.

7.2 Biological pores
Aquaporins block proton transport but allow for water transport with conduction rates of 109

molecules/ns, comparable to transport through apolar pores. 21 The proton blockage is
mainly due to electrostatic effects that enhance the desolvation penalty. 6,7,47,65,105,128,138

which is also observed in apolar nanotubes 39 A major contribution to the proton blockage is
that proton transfer through the pore corresponds to transporting a charge through a medium
with low dielectric constant as exemplified by a simple model channel. 47 Additionally, two
conserved α -helices M3 and M7 form macro-dipoles parallel along the pore and lead to a
bi-polar orientation of the water chain with a defect in the center (see Fig. 2). This effect is
similar to what was observed for carbon nanotubes with curvature induced polarization 137

and can be mimicked with carbon nanotubes with additional charges acting as macro-
dipoles 36 or using the electrostatic profile of aquaporins 139. In aquaporin, however, two
asparagines in the center of the pore (NPA motif) donate hydrogen bonds to the L defect
molecule. These hydrogen bonds compensate for part of the excitation energy needed to
introduce a defect (which is ≈ 8kcal/mol for an infinitely long chain in an apolar pore 49, see
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Sec. 4) and additionally stabilizes the defect in place. Looking at the charge picture of Fig.
4F, we find that the L defect carries a negative charge of approximately 0.4e and thus
screens partly the positive charges at the chain center. Similarly, the ends carry positive
charges at the negative ends of the macro-dipoles.

In contrast to aquaporin, gramicidin transports not only water but also monovalent
cations. 67 The pore of gramicidin A is formed by two aligned β-helices with their
backbones on the inside of the channel. 140 Consequently, water within the pore can donate
hydrogen bonds to the carbonyl oxygen atoms as depicted in Fig. 7. 11 The single-file region
consists of eight water molecules. Water chains within the pore are predominantly ordered
with the additional hydrogen bonds stabilizing the filled state. The dipole moments of the
molecules point along the tube axis on average whereas the dipole moments of defects are
orthogonal to the axis. The hydronium defect preferentially sits in the middle of the chain, as
one would expect from its effective interactions with the chain ends. Also, as observed in
aquaporin, additional hydrogen bonds are capable of stabilizing hydrogen bonding and ionic
defects, which leads to localization of a defect within the pore. Single-file water plays an
important role for the transport of ions, because ions in the pore are solvated by two single-
file chains on either side. 141,142 Consequently, not only the desolvation penalty is reduced,
but also the movement of the ion is directly coupled to water motion and thus fluctuations at
the pore entrance.

In summary, the inner pore wall of gramicidin differs strongly from the smooth and apolar
pore of carbon nanotubes. The most obvious difference are the hydrogen bonds donated by
the water molecules to the pore wall. However, the water structural motifs found in apolar
pores like defect structures and ordered segments are reminiscent of those in nanotubes. The
water-filled state of the pore is stabilized and the desolvation barrier of ions entering the
tube is reduced by the carbonyl groups while still taking advantage of the intriguing
transport properties of single-file water.

8 Conclusions and perspectives
Single-file water in narrow pores such as carbon nanotubes has many unusual properties that
arise from an interplay between the strong hydrogen bonds forming between water
molecules and the 1d confinement inside the pore. These properties are reminiscent both of
solids (e.g., the high dielectric susceptibility) and liquids (e.g., the high mobility of water
molecules in the pore). However, the water wires, and similarly the ”quasi-1d” ice structures
in nanopores, 122 should be considered an, albeit peculiar, 1d fluid in the 1d thermodynamic
limit. The reason is that, as expected for 1d systems with short-ranged interactions, the
orientational and translational order break down for sufficiently long chains. As a result, no
true phase transitions exist in these systems.

For short pores, however, the strong hydrogen bonds in conjunction with dipole-dipole
interactions lead to the formation of dipolarly ordered water wires that provide routes for
rapid proton transfer occurring via a Grotthuss relay mechanism. Orientational order is
ultimately destroyed by hydrogen bonding defects. As is the case for Bjerrum defects in
ice, 109,143,144 the concentration and mobility of L and D defects in water chains are main
factors in dielectric relaxation and charge transport.

The properties of nanopore water are strongly influenced by the electrostatic and dielectric
properties of the pore and its surroundings as well as by boundary conditions. This
sensitivity appears to be exploited in proteins that form single-file pores in biological cells to
mediate the efficient, selective, and controlled transport of water, protons and other ions. At
least some of the physical properties of biological water-filled channels can be mimicked by
carbon or boron nitride nanotubes embedded in dielectric media and in contact with water
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reservoirs, and by applying corresponding external electrical fields and dielectric
media. 36,139,145,146

Experimental studies of single-file water face difficult challenges. The synthesis of pristine
nanotubes with specific chiralities, and thus defined geometric and electronic properties,
remains difficult. Defects in the pore wall affect the transport properties. 147 In recent years,
considerable progress in the fabrication of membranes of nanotubes with narrow
distributions of diameters have been made. 19,20,148 With the desired pores available,
experiments can be performed on nanotubes in different arrangements, such as nanotubes in
solution 32–34, assembled in membranes 37, or even single nanotubes. 149 Since these
different experimental setups lead to different electrostatic and dielectric surroundings of the
pores, single file water is expected to show different behavior in each of them. For example,
the interactions of single-file water chains in different nanotubes of a membrane might lead
to collective effects 49,127,150 and to true phase transitions not seen in isolated nanotubes.
Additionally, the transient phenomena on a molecular scale observed in molecular
simulations are difficult to probe directly in experiments. 151 Therefore, quantitative
theoretical frameworks for the transport properties of single-file water in apolar pores that
include the dielectric and electrostatic effects of the surroundings on the intrinsic properties
of single-file water are necessary to infer the microscopic properties of single-file water
from experiments.

Many of the theoretical results for single-file water are based on simulations using empirical
or semi-empirical interaction potentials or quantum-mechanical density functional
calculations. By design, the rigid point-charge models applied do not include cooperative
effects, i.e., many-body effects and polarization, which are known to cause strong variations
in the hydrogen bond strengths for different molecular configurations 110,152,153. These
variations are not only important for a microscopically detailed understanding of the
energetics and dynamics of defect and charge transport, but can also facilitate cooperative
pathways for charge transport. An example for such a cooperative pathway is multi-proton
transport where a proton is transported via nearly simultaneous hops of protons involved in
different hydrogen bonds. 154 Experimental and theoretical studies indicate that such
cooperative pathways become especially prominent for short chains of water molecules
connecting strong donor and acceptor groups. 154–156 To address these issues, quantum-
chemical simulations of single-file water in nanopores are needed. 27,39,99,135,157

More complex structures made from nanotubes, such junctions and rings, offer exciting new
possibilities to build molecular machines and other nanoscopic devices. 158,159 Such
structures provide not only novel building blocks for nanofluidics applications, but also
platforms to probe the fundamental properties of water in nanoconfinement.
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Fig. 1.
Snapshot of a molecular dynamics simulations of a membrane of carbon nanotubes
immersed in water. 48 One of the tubes is sliced open to reveal the chain of hydrogen-
bonded water molecules.
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Fig. 2.
Snapshot of a molecular dynamics simulation of water in an aquaporin pore (monomeric
GlpF channel). (Reprinted from Ref. 65, Copyright (2004), with permission from Elsevier.)
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Fig. 3.
Sensitivity of filling probability, i.e., the probability P(N) to find N water molecules in the
tube, on the parameters of the tube-water interaction energy for a (6,6) carbon nanotube
immersed in a water bath. (Reprinted by permission from Macmillan Publishers Ltd: Nature
Ref. 18, copyright (2001) ) While for one set of parameters (red curve), the free energy −ln
P(N) has a single minimum at N = 5, corresponding to the completely filled state, for a
slightly modified set of parameters (blue curve), the tube shows bi-stability with an empty
and a full state of similar free energies. The numbers in the figure refer to the depth εCO and
the range σCO of the Lennard-Jones potential acting between the oxygen atoms of the water
molecules and the carbon atoms of the carbon nanotube.
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Fig. 4.
A Transport mechanisms of a protonic charge. Models with different levels of coarse
graining are shown from the left to the right. Molecular configurations are shown in the left
column, simplified dipole configurations in the middle column, and corresponding effective
charges in the right column. Ordered chains are depicted in rows A and D, protonic defects
in rows B and C, and hydrogen bonding defects in rows E and F. Water molecules are
colored according to their dipole orientation with respect to the tube axis (red-right, yellow-
left, orange-defect). To transport a positive charge from the left to the right the dipole
moments of the water molecules in the chain have to point to the right (A). This chain can
either transport a proton (depicted as a hydronium ion) from the left to the right (B) or a
proton hole (hydroxide ion) from the right to the left (C) via structural diffusion, with the
same net effect. In both cases, the translocation of the charge leads to the re-orientation of
the chain (D). To complete the transport process and return to the original state of the chain,
the chain has to be re-oriented in the original direction via the diffusion of either a D defect
from the left to the right (E) or an L defect from the right to the left (F).
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Fig. 5.
Adsorption isotherms: average number density of water in a carbon nanotube as a function
of the relative fugacity for various system sizes N. 81 The latter approximately correspond to
the maximum numbers of water molecules that can occupy the pore. Densities run from 0 to
1, corresponding to the completely empty and filled tube, respectively. The fugacity is
relative to that of a bath of liquid water at ambient conditions, and thus essentially identical
to the relative humidity. Results obtained from molecular simulations for system sizes N =
5,10,15 and 30 (dashed lines) agree well with results for the dipole lattice model (solid
lines).
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Fig. 6.
Free energy as a function of the total dipole moment per molecule. 49 Top panel: comparison
of results from molecular dynamics simulation and results from Monte Carlo simulations of
the dipole lattice model for a chain length of N = 40 molecules (top). Bottom panel:
simulations results obtained for the dipole model for different chain lengths.
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Fig. 7.
Snapshot of a molecular dynamics simulation of single-file water inside the channel of
gramicidin A. Water molecules donate hydrogen bonds to the carbonyl groups of the
channel. The configuration shows a hydronium ion and a D defect, each stabilized by three
hydrogen bonds. (Reprinted from Ref. 11, Copyright (2002), with permission from
Elsevier.)
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