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The strong hydrogen bonds in water greatly affect water
structures.[1] Water at hydrophobic interfaces also influences
the biological activity in water channels, and a variety of
chemical reactions. The complex behavior and unique struc-
tural formations of water at hydrophobic interfaces are
attributed to hydrogen bonding, despite the fact that the
water in such environments shows hydrogen bonding that is
weak compared with that of bulk water; in contrast, strong
hydrogen bonding is observed at hydrophilic interfaces.[2] As
examples of such complex behavior, interfacial water showed
different relaxation pathways at interfaces,[2a,b] non-hydrogen-
bonded OH groups of water that differed from those found
for bulk water were observed at molecular hydrophobic
interfaces,[2c,d] unusual stretching of water was noted in carbon
nanotubes (CNTs),[2e] and ring-like ice formation in CNTs at
room temperature and under extremely high pressures was
predicted using molecular dynamics simulations.[2f] The water
in hydrophobic carbon nanospaces is changed from hydro-
phobic to hydrophilic as water is introduced and the temper-
ature decreases.[3] Such hydrophobic carbon nanospaces also
induce unique flow properties in water. Holt and co-workers
first demonstrated the rapid flow of water through CNT
membranes.[4] Furthermore, water flows faster through nar-
rower CNTs.[5] The sequential flow of water through CNTs
occurs via the structural transformation of water from clusters
to monolayers during loading and release processes.[6] Molec-
ular dynamics simulations revealed the mechanism of the

water flow through CNTs.[7] The hydrogen bonds of water in
a CNTare highly restricted, but water can freely rotate,[7a] and
the hydrogen bonds promote the rapid flow of water through
a CNT.[7b] Water cluster-mediated diffusion in CNTs has also
been predicted.[7c] The promotion of rapid water flow through
CNTs was also observed experimentally, when the relation-
ship between the water flow rate and hydrogen bonding was
examined.[5b] In contrast, the direct observation of water
confined in CNTs using transmission electron microscopy
revealed slow water flow, and complex meniscus shapes.[8]

Overall, the mechanism of water flow in CNTs remains
unclear.

The complex properties of water in CNTs intrigue
scientists, but no conclusion has yet been reached (backed
by experimental evidence) regarding the mechanism respon-
sible for these properties. The structural evaluation of water
in CNTs is therefore important for the understanding of the
fundamental properties of water under such conditions. Ice
phases were observed in CNTs with diameters of 1–2 nm in
canonical ensemble molecular dynamics simulations,[9] not
only at high pressure,[2f] but also at ambient pressure. Ice-like
cluster formation was also observed experimentally in CNTs
with a diameter of 2 nm under ambient conditions, using X-
ray structure analysis.[10] Ice peaks were observed in the X-ray
diffraction (XRD) patterns of water in CNTs at low temper-
ature, suggesting the formation of pentagonal and octagonal
ice nanotubes.[11] Such ice formation was attributed to strong
hydrogen bonding. However, hydrogen bond formation is
restricted in the hydrophobic nanospaces of CNTs.[2c,d,5b,7b]

The CNT diameter strongly affects the hydrogen bonding,
because a CNT provides a highly restricted one-dimensional
nanospace. On the other hand, no hydrogen bonding of water
was observed in the zero-dimensional nanospaces of full-
erene.[12] Thus, CNTs are ideal limited nanospaces to evaluate
the fundamental unit of water. It is desirable to examine the
dependence of the hydrogen bonding and the ice-like cluster
formation on the CNT diameter, to better understand the
properties of water in CNTs. In this study, we determined the
structure of water in CNTs of various diameters using XRD
analysis and hybrid reverse Monte Carlo (HRMC) simula-
tions.

The nanospace structures of the CNTs were assessed using
transmission electron microscopy (as shown in Figure 1),
Raman spectroscopy, and N2 adsorption isotherms (as shown
in Figure S1). The average diameters of the internal nano-
spaces of CNTs (evaluated from these measurements) were
approximately 1, 2, 3, and 5 nm, so these CNTs were named as
1 nm, 2 nm, 3 nm, and 5 nm CNTs, respectively. Water vapor
could be adsorbed both in the internal and external nano-
spaces of the CNTs. However, a geometrical assessment
(Figure S2) showed that the amount of water vapor adsorbed
in the internal nanospaces was significantly larger than the
amount of water vapor adsorbed in the external nanospaces.

Figure 2a and b shows XRD patterns for water-adsorbed
CNTs and bulk water, and electron radial distribution
functions calculated from the differential XRD patterns
(Figure S3). The XRD patterns in Figure 2a included water-
water, water-CNTs, and CNT-CNT correlations. The scatter-
ing between the CNTs could be removed by subtracting the
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difference between the XRD patterns for the CNTs and the
patterns for the CNTs containing adsorbed water, as shown in
Figure S2. As water-CNT scatterings in the differential XRD
patterns were experimentally remained, the differential XRD
patterns and the electron radial distributions included both
water-water and water-CNT scattering. Only the water-water
scattering could be extracted using the HRMC simulations, as
described later. The electron radial distribution of the bulk
water corresponded well with reported values; the first,
second, and third major peaks appeared at 0.31, 0.48, and
0.75 nm, respectively.[1b,13] The electron radial distributions of
the water in the CNTs were significantly different from that of
the bulk water. For water in the 1 nm CNT, the first peak was
found at 0.31 nm, corresponding to the peak position of bulk
water, and further peak also appeared at 0.38 nm. However,
at distances longer than 0.6 nm, the correlations between the
water molecules shown in the electron radial distributions of
the bulk water and the water confined in the 1 nm CNTs were
weak. These tendencies were very similar to the electron
radial distribution in the 5 nm CNTs. Conversely, the electron
radial distributions in the 2 nm and 3 nm CNTs showed
patterns that were considerably different from those of the
other samples. The peaks appeared at longer distances, and
the peak positions were shifted; for instance, the first peak
shifted from 0.31 to 0.27 nm. Peaks were observed at 0.27,
0.38, 0.48, 0.63, 0.73, and 0.86 nm. The ideal intermolecular
distances in hexagonal ice are 0.28, 0.39, 0.46, 0.54, and

0.65 nm.[14] Therefore, ice structures might have formed in the
2 nm and 3 nm CNTs at ambient temperature.

The XRD patterns around the first peaks were deconvo-
luted using the XRD patterns for nanosized ice and liquid
water, to evaluate whether the water in the CNTs formed ice-
or liquid-like structures (Figure S3). Figure 2c shows the
proportion of nanosized ice formations in the CNTs, which
was defined as the deconvoluted peak intensity of the first
peak for nanosized ice to the sum of the intensities of the
peaks for nanosized ice and liquid water. Ice-like structures
were observed in the CNTs even at ambient temperature; the
proportions of ice in the 1 nm, 2 nm, 3 nm, and 5 nm CNTs
were approximately 10%, 80 %, 30%, and 10%, respectively.
Thus, the nanospaces of the CNTs induced the water
contained in them to form ice-like structures, even at ambient
temperature, particularly in the 2 nm CNTs. In contrast,
liquid-like structures were observed in the extremely narrow
nanospaces of the 1 nm CNTs, showing features that were
rather different compared with those displayed in narrow
hydrophilic nanospaces.[2g]

HRMC-simulated XRD patterns for water in the different
CNTs are shown in Figure 2a alongside the experimental
XRD patterns. A comparison of these patterns indicated that
good agreement was shown between the simulated and
experimental XRD patterns. Slight differences were
observed, because of the assumption of an idealized CNT

Figure 1. CNT diameter distributions obtained from approximately
1000 CNTs observed in transmission electron microscopy images. The
average tube diameters were 1.0, 2.1, 2.9, and 5.7 nm for the 1, 2, 3,
and 5 nm CNTs, respectively. All scale bars are 50 nm.

Figure 2. Ice formation in water confined in hydrophobic CNTs. a) XRD
patterns for CNTs containing confined water, and bulk water, and
corresponding HRMC-simulated XRD patterns. s is defined as
4psin(q)/l, where l is the X-ray wavelength. The black and blue curves
represent the XRD patterns and the HRMC-simulated XRD patterns,
respectively. b) Electron radial distribution functions of water confined
in CNTs, obtained from Fourier transforms of the differential XRD
patterns for dry CNTs, and those containing confined water. The
electron radial distribution functions for bulk water are also shown, for
comparison. c) Dependence of the nanosize ice formation on the CNT
diameter, calculated from the deconvolution of the first XRD peak with
two components of the XRD peaks for simulated 1 nm ice and bulk
water.
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structure. Figure 3 shows snapshots of the hydrogen bonds of
the water in the CNTs, as evaluated from the HRMC
simulations (Figure S4). Here, a hydrogen bond was assumed
to form when the O···H distance was less than 0.25 nm and the
angle of the OH···lone pair was larger than 1408 ; these values
were similar to the values used in previous studies.[15] The
hydrogen bonds formed predominantly along the CNT axis in
the 1 nm CNTs. In contrast, a three-dimensional network of
hydrogen bonds formed in the other CNTs and in the bulk
water, although it was restricted at the interface between the
water and the CNT. The water could therefore form enough
hydrogen bonds to produce a three-dimensional network in
the hydrophobic nanospaces of the CNTs, except in the case
of the CNTs with a diameter of 1 nm. The distributions of the
numbers of hydrogen bonds presented in Figure 4a were
calculated from the hydrogen bond connections shown in
Figure 3. A mean hydrogen bond number was also calculated
from each distribution of hydrogen bond number, as shown in
Figure 4b. The number of hydrogen bonds in the bulk water
was 2.2, a number that was somewhat smaller than the
numbers obtained using other techniques.[15a,16] Here, only the
strong hydrogen bonds were assessed. The number of hydro-
gen bonds in the water in the 5 nm CNTs was equivalent to
that in the bulk water, while the number of hydrogen bonds in
the 1 nm CNT, 1.2, was much lower than the numbers
determined for the other CNTs. The number of hydrogen
bonds in the water condensed in the 1 nm CNT was
intermediate between the number of hydrogen bonds in
liquid and vapor. Thus, the water formed a supercritical gas-
like structure in the 1 nm CNT. In contrast, the water in the
2 nm and 3 nm CNTs contained considerably higher numbers
of hydrogen bonds compared with the water in the other
CNTs, although the structures were less crystalline than the
ice structures. The prolific formation of hydrogen bonds in the

2 nm and 3 nm CNTs therefore induced nanocluster forma-
tion. Ice-like crystalline structures were observed in the
hydrophilic nanospaces of nanocontainers, and thus each
water molecule formed approximately four hydrogen
bonds.[17] The hydrogen bonding in the hydrophobic nano-
spaces of CNTs was significantly restricted compared with
that occurring in hydrophilic nanospaces.

The mean hydrogen bond number is shown as a function
of CNT diameter in Figure 4b; these results showed that the
diameters of the CNTs containing water with a higher
hydrogen bond number than that of bulk water lay in the
range from 1.5 to 4.0 nm. This range of CNT diameters
approximately corresponded to the diameters of the CNTs
showing substantial nanocluster formation (with a proportion
of nanocluster formation higher than 20%), as shown in
Figure 2c. The effective nanospace diameters for water vapor
adsorption for the CNTs with diameters of 1.5–4.0 nm were
0.8–3.4 nm, according to the relationship between the effec-
tive nanospace diameter and the actual CNT diameter
(Supplementary Figure S5). Thus, effective nanospaces with
diameters of 0.8–3.4 nm induced water to form nanoclusters
under ambient conditions. In other words, the size of the
water clusters was 0.8–3.4 nm. Stable water cluster structures
show a ring-like structure for numbers smaller than five, and
a cage-like structure for numbers larger than six.[18] The size of
the water clusters, 0.8–3.4 nm, corresponded to clusters with
a size of approximately 8–600 molecules, according to the size
evaluations performed using the cage model described in the
literature, and the density of liquid water.[18c]

The water confined in the CNTs with average diameters of
2 and 3 nm formed clusters preferentially, even under ambient
conditions, whereas the water tended to be supercritical gas-

Figure 3. Snapshots of the hydrogen bonding of water in CNTs and in
bulk water, in HRMC simulations. The blue lines represent hydrogen
bonds between water. Carbon atoms and C�C bonds are depicted as
black spheres and lines, respectively.

Figure 4. Hydrogen bonding of water in CNTs. a) Distributions of the
hydrogen bond numbers of water confined in the CNTs and in bulk
water, estimated from the snapshots of hydrogen bonds shown in
Figure 3. b) Dependence of the mean hydrogen-bond number on the
CNT diameter. The dashed line represents the mean hydrogen bond
number in bulk water.
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like and liquid-like in the CNTs with average diameters of
1 and 5 nm, respectively. The cluster structures of the water in
the CNTs with average diameters of 2 and 3 nm were caused
by significant levels of hydrogen bond formation. The
dependence of the nanocluster formation and the hydrogen
bond number on the CNT diameter suggested that the
effective nanospace diameters needed for the nanocluster
formation of water were 0.8–3.4 nm. Thus, the structural
transformations from vapor to supercritical gas-like water,
liquid-like water, and water clusters were imposed by the size
of the CNT nanospaces and the fundamental cluster size is
0.8 nm.
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