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ABSTRACT: Water in carbon nanotubes (CNTs) displays
unique behaviors such as ring-like structure formation,
anomalous hydrogen bonds, and fast transportation. We
demonstrated the structures and stability of water in loading
and release processes using a combination of X-ray diffraction
analysis and hybrid reverse Monte Carlo simulations. Water
formed nanoclusters in water loading, whereas layered
structures were formed in water release. The water nano-
clusters formed in water loading were well stabilized in CNTs.
In contrast, in water release, the water layers were less stable than the water nanoclusters. The significant stabilization of
nanoclusters in water loading and the relatively low stability of water layers in water release suggest easy water loading and release
through CNTs, providing sequential water transportation through CNTs.
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Nanoconfined water plays a very important role in
chemical reactions at solid−liquid interfaces, water

transportation through membranes, and controlling biochem-
ical activity. It is therefore necessary to understand the structure
and behavior of water in nanospaces. In the liquid state, a water
molecule partially forms hydrogen bonds to neighboring water
molecules, resulting in the formation of a complex structure.
For instance, water has high- and low-density amorphous
phases as a result of the formation of water clusters through
hydrogen bonding.1−3 The hydrogen bonds of water confined
in nanospaces provide anomalous structure formation and
behaviors. Hydrophobic carbon nanospaces have relatively
weak interactions with water, so water−water interactions, i.e.,
hydrogen bonds, should be dominant. Unique water structures
and hydrogen bonds have been observed in such nano-
spaces.4−7 Byl and co-workers showed anomalous stretching of
water in carbon nanotubes (CNTs), using IR spectroscopy.4 A
ring-like water structure has been observed in CNTs.5,6 Even at
low densities, water confined in CNTs forms nanosized clusters
at ambient temperature.7 These unique structure formations are
attributed to restriction of hydrogen bonds in such nanospaces.
Water gains stability from hydrogen-bonding networks by ring
or cluster formation, although water cannot be sufficiently
stabilized by interaction with nanospaces.8 The self-stabilizing
mechanism of water in hydrophobic nanospaces is inherently
important for water transportation through nanospaces,9

because water has to be stabilized in nanospaces immediately
for loading. Hummer and co-workers showed osmotic water
shifts in CNTs, using molecular dynamics simulations.10,11 Holt
and co-workers experimentally demonstrated fast water trans-

portation through CNT membranes.12 Such water trans-
portation has also been investigated using molecular dynamics
simulations.13−16 Chaban and co-workers demonstrated the
dependences of transportation and vapor pressure of water
confined in CNTs on tube diameter and temperature; elevation
of boiling temperature of water in narrower CNTs as well as
the small diffusion coefficient for the extremely narrow
CNT.17−19 However, the mechanism of water loading and
release through CNTs remains unclear, although two
assembled structures, namely cluster and monolayer-like
structures, in two-dimensional nanospaces have been observed
in water loading and release processes.20−22 Moreover, the
detailed structure, including the hydrogen-bonding structure, is
far from understood, and the mechanisms of water loading and
release from CNTs are unclear.
The X-ray diffraction (XRD) technique for molecules

confined in nanospaces is a powerful tool for observing
molecular structures in nanospaces. Assembled water structures
could be evaluated using XRD.23,24 However, the detailed
structure of water confined in nanospaces is difficult to obtain
from a typical XRD analysis of a scattering pattern and electron
radial distribution functions (RDFs). Monte Carlo simulation is
another powerful tool for observing water confined in
nanospaces.25−27 This method provides stable three-dimen-
sional structures of water and therefore hydrogen-bonding
networks could also be observed. The main disadvantages of
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using Monte Carlo simulation are that the molecular structure
is not direct proof of the actual structure, and only the most
stable structure is obtained. For instance, metastable structures
would not be observed from typical Monte Carlo simulations. A
combination of XRD analysis and Monte Carlo simulations for
obtaining the actual three-dimensional structures of molecules
was developed recently to compensate for these disadvantages;
this is known as hybrid reverse Monte Carlo (HRMC)
simulation.28−30 HRMC simulations were originally used to
obtain the detailed three-dimensional structures of amorphous-
like solids. However, the method can also be adapted for the
analysis of fluid structures. In this paper, water structures
associated with hydrogen bonds in CNTs and their stabilities
were evaluated using HRMC simulations as well as electron
RDFs, with the aim of understanding the loading and release
mechanism of water.
The water vapor adsorption isotherm of CNTs at 303 K is

shown in Figure S1 (Supporting Information). In water
loading, water filling rates in CNTs were increased with
increasing water vapor pressure, or in other words, water was
introduced in CNTs by higher water vapor pressure. In
contrast, in water release, water amounts in CNTs were
decreased by lowering water vapor pressure. The adsorption
isotherm has significant adsorption hysteresis in water loading
and release. Such adsorption hysteresis of water vapor has been
observed in hydrophobic nanospaces.31−33 Water structures in
water loading and release were cluster- and monolayer-like
form in slit-shaped nanospaces determined by small-angle X-ray
scattering associated with molecular simulation.21,22,27 The
structure transformations in water loading and release were
kinetically forbidden in those nanospaces, leading the above
different water structure in water loading and release.33 Those
results indicate that different water states and/or structures in
CNTs could also be expected in water loading and release. The
water structures at 50% filling in water loading and release were
evaluated using XRD. Figure S2 shows the XRD patterns for
50% water filling in water loading and release. The XRD
patterns for 0% and 100% water filling are also shown for
comparison. The XRD intensity increased with increasing
amounts of water in the CNTs. The increases in the XRD
intensities of water-confined-CNTs compared with those of
CNTs in vacuo are a result of water−water and water−carbon
scattering. The XRD patterns in water loading and release were
significantly different in the scattering parameter range s = 10−
17 nm−1; the scattering intensity in water loading was larger
than that in water release. The differential XRD patterns of
water-confined CNTs and CNTs in vacuo (shown in Figure
1A) were mainly attributed to water structures in the CNTs, as
mentioned above. The first XRD peak of liquid water was at
approximately 20 nm−1, corresponding to the average water−
water distance of 0.32 nm. The average water−water distances
in CNTs were longer than that in liquid water: 0.39 nm in
water loading, 0.37 nm at full water saturation, and 0.35 nm in
water release. Thus, in water loading, the long intermolecular
distance decreased with increasing water filling and then further
decreased in water release. Here, the longer intermolecular
distances of water confined in CNTs relative to those in liquid
water are a result of self-assembled structure formation.
The intermolecular distances were directly observed from the

electron RDFs, calculated from the differential XRD patterns, as
shown in Figure 1B; the electron RDFs unfortunately also
include the distance between water and carbon atoms in CNTs,
although the correlation between water and carbon atoms is

inferior. The water−water correlations without the water−
carbon correlations could be obtained by HRMC simulation, as
described later. The nearest-, second-, and third-neighbor
intermolecular distances in liquid water were 0.31, 0.48, and
0.75 nm, respectively. In the case of water confined in CNTs,
the first and second peaks were at 0.17 and 0.27 nm. The first
peaks were rather shorter than the water−water distance, and
were attributed to the OH intermolecular distance, as described
later. The second peaks, at 0.27 nm, roughly agree with the
intermolecular distance of 0.28 nm for bulk ice. Considerable
numbers of hydrogen bonds were therefore formed even at 303
K in CNTs.7 The broad peaks at around 0.48 nm in water
loading and 0.43 nm in water release resulted from the first
XRD peaks, indicating the formation of an assembled structure.
The correlation between water at longer distances in water
loading than in water release might be attributed to cluster
formation. The structure in water release was between those in
water loading and liquid water, although the intermolecular
distance was rather ice-like, shown by the stronger peak at 0.27
nm. Thus, the water structures in water loading and release
differed significantly from each other. HRMC simulations were
performed for the differential XRD patterns in water loading
and release to observe the detailed structures of water in CNTs.
Figure 2A and 2B show comparison of the experimental and

HRMC-simulated XRD patterns (see also Figure S3 for liquid
water). The XRD patterns in the experiment for liquid water
and the HRMC simulation coincide with each other, as shown
in Figure S3. The nearest-, second-, and third-neighbor
intermolecular distances in the OO distribution were 0.28,
0.46, and 0.66 nm, respectively, which roughly agree with the
electron RDFs of liquid water except for the third-neighbor
distance; the peaks were at 0.31, 0.48, and 0.75 nm. The OH
distribution, which has the peaks at 0.33 nm with the shoulder
peak at 0.18 and 0.72 nm, should also contribute to the electron
RDF in liquid water. Thus, the shoulder peak at 0.2 nm in the
electron RDF and the slight larger distances than those in the
OO distribution are a result of the OH distribution. The
experimental and HRMC-simulated XRD patterns in water
loading and release also coincided well with each other except
for a slight difference at around 28 nm−1. The difference might

Figure 1. (A) Differential XRD patterns of water confined in CNTs,
and XRD pattern of liquid water for comparison. The scattering
parameter s is defined as 4π sin θ/λ (λ: X-ray wavelength). (B)
Electron RDFs of water confined in nanospaces in water loading and
release processes. The electron RDF of liquid water is shown for
comparison.
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be attributed to the assumption of ideal uniform CNT structure
in the HRMC simulations, which was apparently different from
the actual CNT structure. Here, the scatterings between water
and CNTs were also taken into account in the calculations. The
partial cross sectional views of water-containing CNTs in water
loading and release are shown in Figure 2C and 2D,
respectively. Some water molecules were assembled and formed
clusters in water loading, whereas in water release, a water layer
was observed along the CNT wall. Figure S4 shows the
distribution of associated molecular number in water loading
and release, calculated from the molecular number within 0.5
nm distance in those snapshots. Water molecules in water
loading were a little more associated with each other than those
in water release, suggesting that water formed clusters in water
loading and layers in water release; those are analyzed in detail
later. The simulated RDFs between OO and OH were
evaluated from snapshots of the HRMC simulations, as
shown in Figure 2E and 2F, respectively. The OO and OH
distributions in liquid water were apparently different from the
distributions in CNTs. The distributions in liquid water
indicated that hydrogen bonds with the nearest-neighbor

molecule were unambiguously formed, whereas the correlations
with the second- and third-neighbor molecules were weak. On
the other hand, long-range correlations were observed for the
confined water in both water loading and release. The
simulated RDFs for OO have four peaks at around r = 0.30,
0.42, 0.62, and 0.82 nm. No significant peak shifts were
observed between water loading and release. However, the
nearest-neighbor peak in water loading was relatively
significant, the second-neighbor peak was slightly shifted to a
longer distance, and the third-neighbor peak was oppositely
shifted to a shorter distance. This trend was also observed in
the experimental electron RDF shown in Figure 1B. An
assembled water structure of size 0.4−0.6 nm was therefore
formed in water loading, in agreement with the formation of
water nanoclusters reported in previous papers.7,8 The OH
RDFs in water loading and release were very similar to each
other: shoulder peaks appeared at the nearest-neighbor OH
distance of 0.19 nm, and there were significant peaks at around
0.39 nm. The first peak at 0.19 nm roughly agrees with the peak
at 0.17 nm in the experimental electron RDFs in Figure 1B. As
the hydrogen-bonding distance of water is 0.18 nm, the water
in CNTs formed hydrogen bonds. However, these hydrogen
bonds might not be strong, because the second-neighbor OH
peaks at 0.39 nm were rather significant. The first peak in water
loading was stronger than that in water release, whereas the
converse was the case for the second peak. This means that the
hydrogen bonds in water loading were stronger than those in
water release. The water distributions in Figure 2G clearly show
a layered structure in water release; the first, second, and third
layers from a CNT wall were respectively positioned at 0.65,
0.40, and 0.1 nm from the center of a CNT. The layered
structure was more obvious in water release rather than in
water loading, especially for the second layer. The distances
between the first layer and the carbon center in a CNT wall in
water loading and release, which were 0.35 and 0.37 nm,
respectively, were longer than the intermolecular distance
evaluated from the collision diameter of 0.327 nm. This is a
result of the curvature effect of CNTs, reported elsewhere.34

The distribution in water loading was relatively broad, as a
result of self-assembled clusters. Simply stated, the water in
CNTs was in a cluster form in water loading and a layered form
in water release.
The water stabilities in water loading and release were

evaluated from the sum of the intermolecular interactions, as
shown in Figure 3. The total stabilities of water at the first layer
from the CNT walls were similar to each other in water loading
and release. However, the water stabilities in the inner part of
the CNT were obviously different from each other; the water in
water loading maintained its stability even in the inner part,
whereas the water stability in water release quickly decreased.
This is a result of differences of the assembled water structures
in water loading and release, because the interaction potentials
between water and a CNT are the same for both systems. Thus,
in the central part of a CNT, water in water loading was more
stabilized by cluster formation than water layers in water
release. This indicates that the formation of water clusters in
water loading promotes water loading into CNTs, and the
water layers in water release are easily extracted from CNTs.
In summary, we described the water structures in CNTs in

water loading and release, identified using HRMC simulation
combined with XRD. Water nanoclusters were formed in
CNTs in water loading, and water layers were formed in water
release. Water was significantly stabilized by cluster formation

Figure 2. Comparisons of experimental and HRMC-simulated XRD
patterns in water loading (A) and release (B). Colored curves: results
of HRMC simulations; black curves: experimental results. Snapshots of
water in a CNT and water distribution in water loading (C) and
release (D). A water molecule is depicted by a blue sphere (oxygen
atom) accompanied by two small red spheres (hydrogen atoms). The
HRMC-simulated RDFs between OO (E) and OH (F) were obtained
using HRMC simulations. The inset figure in the OH distribution is an
expansion of the range 0.13−0.28 nm. Distribution of water against
distance from the CNT center (G).
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in water loading. The water stability in water release was less
than that in water loading. These stability changes in water
loading and release allow sequential water transportation
through CNTs. The mechanism of water stability tuning in
CNTs provides an understanding of fast water transportation
through CNTs.

■ METHODS
The water vapor adsorption isotherm of CNTs at 303 K was
measured after preheating at below 0.01 Pa and at 423 K. The
CNTs were evacuated at below 0.1 Pa prior to the XRD
measurements. The filling rates of water were controlled as
follows (see also Figure S1). Water vapor was loaded into the
nanospaces of CNTs at a water vapor pressure of 3.1 kPa
(corresponding to 50% filling of the nanospaces), and then at a
water vapor pressure of 3.8 kPa (corresponding to 100% filling
of the nanospaces), and released until the water vapor pressure
was 2.3 kPa (corresponding to 50% filling of the nanospaces).
Synchrotron XRDs of water in CNTs were measured at SPring-
8 under each of the above conditions, for an accumulation time
of 0.5 h and at a wavelength of 0.1000 nm (see more details in
the Supporting Information). An HRMC simulation was
developed by Opletal et al. and Nguyen et al. for analysis of
the detailed structure of amorphous carbon.28−30 In this study,
we adapted the method to analyze the structure of water
molecules in CNTs. The method is a combination of the
reverse Monte Carlo technique for an XRD pattern and a
canonical ensemble Monte Carlo simulation with a controlled
weighting factor. The weighting factor was chosen based on
two corresponding diffraction patterns, i.e., experimental and
simulated patterns, to agree with each other in the reverse
Monte Carlo technique, and on high stability of water in CNTs
in the canonical Monte Carlo simulation. The calculation cycles
consisted of more than 2 × 107 steps. Interaction potential
models of water and the carbon of an armchair-type CNT were
depicted using a model combining Lennard-Jones and
Coulombic potential functions. The CNT diameter was set at
2.0 nm, determined by the N2 adsorption isotherm at 77 K and
transmission electron microscopy, as described in a previous
paper.34 TIP5P model was used for the intermolecular
interaction between water, which is relatively well-described
structure and density.35−40 The potential parameters (potential
well depth, collision diameter, and partial charge) were as
follows: εH2O/kB = 80.5 K, σH2O = 0.312 nm, qH2O/e = ± 0.241
C, εC/kB = 30.14 K, σC = 0.3416 nm, and qC/e = 0 C. The

water−carbon interaction was calculated on the basis of the
Lorentz−Berthelot mixing rules. Ewald summation was
imposed in three directions for the Coulombic interactions
between water partial charges. The cutoff length of the
potential was set at 5 nm. The unit cell sizes were 100 × 100
× 10 nm3, with a CNT of length 10 nm, for water confined in a
CNT, and 3 × 3 × 3 nm3 for liquid water. A periodic boundary
condition is imposed for three directions in the unit cells. The
details of the simulation procedure are shown in the Supporting
Information. The structure and stabilized energies of water in
carbon nanospaces in Monte Carlo and molecular dynamics
simulations using those potential models are consistent with
experimental results reported elsewhere.9,21,27
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