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Anomalously Soft Dynamics of Water in a Nanotube: A Revelation of Nanoscale Confinement
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Quasi-one-dimensional water encapsulated inside single-walled carbon nanotubes, here referred to
as nanotube water, was studied by neutron scattering. The results reveal an anomalously soft dynamics
characterized by pliable hydrogen bonds, anharmonic intermolecular potentials, and large-amplitude
motions in nanotube water. Molecular dynamics simulations consistently describe the observed
phenomena and propose the structure of nanotube water, which comprises a square-ice sheet wrapped
into a cylinder inside the carbon nanotube and interior molecules in a chainlike configuration.
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sample (3.8 g) was prepared using a method described intensity would progressively decrease as its position
Water confined in nanoscale one-dimensional channels
is of great interest to biology, geology, and materials
science. An excellent model for such a system is water
in single-walled carbon nanotubes (SWNT) [1,2], real-
ized by the unique geometry of nanotubes and the weak
interaction between the water molecules and carbon
atoms. As a result of nanoscale confinement, the physical
properties of this quasi-one-dimensional water, referred
to as nanotube water, are expected to differ from those of
the bulk counterparts. A joint neutron-scattering and
molecular-dynamics (MD) study combines the advan-
tages of the extraordinarily large neutron scattering cross
section of hydrogen and the rigorous comparison of the
experimental data with the simulations. Neutron diffrac-
tion (ND) and inelastic neutron scattering (INS) over a
wide range of momentum and energy transfers were
performed to characterize the structure and dynamics
of nanotube water/ice. Among the previous MD simula-
tions of water plus nanotubes (see, for example, Refs. [3–
9]), Martı́ and Gordillo [10,11] and Mann and Halls [12]
calculated the vibrational bands and diffusive behavior of
water in SWNT, which provided useful insight into the
present investigation. Our MD simulations were based on
a rigid SWNT of length 40 �A that interacts with water
molecules through a previously established Lennard-
Jones (LJ) potential [13]. The TTM2-F polarizable
flexible water model employed here was shown to suc-
cessfully account for the electronic structure data of
small water clusters and to reproduce the bulk properties
of ice and ambient liquid water [14,15]. The Ewald sum
for the long-range Coulomb interactions and standard
boundary conditions were used.

We first examined by ND the entry and encapsulation
of water in open-ended SWNT of �14� 1 �A diameter
and �10 nm average length. A high-quality SWNT
0031-9007=04=93(3)=035503(4)$22.50 
elsewhere [16]. The high purity and the narrow variation
of the nanotube diameter were quantified by transmission
electron microscopy and Raman measurements. To fill the
SWNT with water, the dry SWNT sample was first ex-
posed to saturated vapor from a water bath (1:1 weight
ratio) at 110 �C for 2 h in an enclosed environment. The
excess water adsorbed in the exterior of the nanotubes
was then evaporated at 45 �C. An optimal filling, in terms
of the H2O=SWNT mass ratio, was found to be 11.3%.
Samples of higher ratios would contain adsorbed water on
the surfaces and pores outside of the nanotubes.

ND at 10 K confirmed the absence of crystalline bulk
ice in SWNT�D2O. To examine the location of the wa-
ter, we concentrated on the diffraction patterns at 278 K
around the first Bragg peak of SWNT at Q � 0:4 �A�1

(Q � 4� sin�=�, where � is the neutron wavelength) of
the dry SWNT and SWNT filled with �10 wt% water of
three different isotopic compositions: H2O, H2O:D2O �
1:1 mixture, and D2O [Fig. 1(b)]. An ND profile can be
represented as a product of the form factor f�Q� and the
structure factor S�Q� plus an incoherent-scattering back-
ground. Here, S�Q� consists of a Bragg reflection at
0:41 �A�1 from the (01) planes of the two-dimensional
hexagonal lattice of SWNT crystalline bundles, and f�Q�
of SWNT and water can be accurately calculated [17]
based on the known mean dimensions of the SWNT and
assumed location and composition of the H2O=D2O mole-
cules. The f�Q� for dry SWNT shows a minimum at
0:385 �A�1. Water residing only inside the nanotubes
gives rise to an f�Q� with a minimum at 0.385, 0.4, and
0:41 �A�1 for SWNT containing H2O, isotopic mixture,
and D2O, respectively, as shown in Fig. 1(b). Therefore,
we expect an ND profile for dry SWNT and SWNT with
H2O to display a peak at �0:41 �A�1, whereas, for SWNT
with isotopic mixture and SWNT with D2O, this peak
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FIG. 1 (color). (a) Proposed structure of nanotube water. The
interior ‘‘chain’’ water molecules have been colored yellow to
distinguish them from the exterior ‘‘shell’’ water molecules
(colored red). (b) Low-Q ND profiles around 0:4 �A�1 for the
following: 1a, dry SWNT (red curve with solid circles) and
SWNT with the encapsulated water of different isotopic com-
positions; 2a, H2O (pink dotted curve with solid triangles);
3a, H2O:D2O � 1:1 mixture (green short-dashed curve with
open triangles); 4a, D2O (blue solid curve with open circles).
The calculated form factors for 1a, 2a, 3a, and 4a are shown by
the curves labeled 1b, 2b, 3b, and 4b, respectively.
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coincides with the form factor minimum. This was indeed
observed as shown in Fig. 1(b). On the other hand, if
water is located in the exterior region of the nanotubes,
f�Q� would produce minima at 0.385, 0.38, and 0:37 �A�1,
respectively, for SWNT containing H2O, isotopic mix-
ture, and D2O and therefore would give rise to ND profiles
with a peak at �0:41 �A�1 for all samples, which is
contrary to the observation.

MD simulations began with a series of slow annealing
of the nanotube-plus-water system at various water den-
sities to identify candidate structures with the lowest
energy. The resultant structure showed that most of the
molecules preferred to freeze along the interior of the
nanotube wall in a fourfold coordinated ‘‘square-ice’’
pattern. Next, we investigated whether it was energeti-
cally feasible to add additional water molecules inside of
the square-ice shell. Using gradient optimizations, we
found that energy perturbation for adding up to 14 addi-
tional water molecules per 40 �A of the nanotube in the
form of a connected ‘‘water chain’’ was insignificant (0.4
out of �18:5 kcal=mol) as compared to the uncertainty of
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the simulation. Figure 1(a) depicts the ‘‘shell-chain’’
structure of nanotube water obtained in MD simulations.
Direct measurements of the short-to-intermediate range
structure of the water molecules by diffraction methods
are complicated by the very small changes in the peak
profiles of water amid the large background from the
nanotubes. In a previous x-ray diffraction study, although
Maniwa et al. [18] found a nanotube-water structure
nearly identical to that proposed by Koga et al. [3–5]
(shell only), the authors admitted that their samples con-
tained a substantial amount of bulk water (see, for ex-
ample, Fig. 4 in Ref. [18]). This mixed location of the
water might have interfered with the interpretation of the
diffraction data. Our approach is to investigate the dy-
namics of the nanotube water by a combined INS and MD
study because the vibrational spectrum of water is intense
and highly sensitive to subtle structural modifications.

The INS data were collected over a wide range of wave
vectors Q. The data obtained at small Q values from high
incident neutron energies were crucial to the measure-
ments of the vibrational spectra due to the extraordinarily
large mean-square displacement of hydrogen, huH

2i,
which severely damps the intensity with increasing Q
according to � exp��huH

2iQ2�. The measurements were
made on 11.3 wt % water in SWNT, and, in addition, on a
dry SWNT sample for background removal and on a bulk
ice Ih for comparison. Figures 2(a) and 2(b) show the
observed vibrational density of states (DOS) of nanotube
ice at 9 K as compared with those of ice Ih. In general, the
spectra of ice [19–25] are dominated by low-frequency
intermolecular motion (e.g., translational and librational
vibrations of water molecules at 0– 40 and 55–120 meV,
respectively) and high-frequency intramolecular vibra-
tions (e.g., H-O-H bending around 200 meV and O-H
stretching modes near 420 meV). First, the observed
stretching mode frequency of nanotube ice (422 meV) is
higher than that of ice Ih (406 meV) [Fig. 2(a)], which is
in good agreement with the MD results of Martı́ and
Gordillo [10,11]. The higher O-H stretching frequency
arises from the shorter O-H covalent bonds, RO-H, and a
longer intermolecular O-O distance, RO-O. The estimated
RO-O of 2:916 �A for nanotube ice at 9 K based on the ob-
served O-H stretching frequency and a phenomenological
model [26] agrees reasonably well with that (�2:81 �A)
predicted by our MD simulations. Comparing with the
RO-O (2:76 �A) of ice Ih, the structure of nanotube ice
supports a weaker hydrogen-bonded network.

Second, the bending mode of nanotube ice consists of a
narrow peak at 205 meV and a shoulder at �176 meV.
The latter can be accounted for as the second-order over-
tone of the librational modes. Thus the peak at 205 meV
could be assigned solely to the intramolecular H-O-H
bending mode. This value is slightly larger than that for
ice Ih (�199 meV).

Third, distinct features reflecting the soft hydrogen-
bond dynamics unique to nanotube ice are revealed in the
intermolecular motion [Fig. 2(b)]. The librational band
035503-2



FIG. 2 (color). Experimental generalized vibrational DOS,
G�E�, of nanotube ice and ice Ih at 9 K for (a) intramolecular
bending (H-O-H) and stretching (O-H) modes and (b) inter-
molecular vibrations. A part of the observed density around
120 meV is due to multiphonon neutron scattering. The excess
density below 5 meV in nanotube ice can be seen more clearly
in the inset (c). (d) The G�E� obtained from MD simulations at
50 K for nanotube ice, chain molecules in nanotube ice, shell
molecules separately, and for ice Ih.
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shifts to lower energies in comparison to ice Ih. The
spectral density on the low-energy side broadens and
merges with the translational band below 40 meV, which
is in sharp contrast to the abrupt cutoff at �67 meV in ice
Ih. The half maximum of this band at the low-energy side
occurs at 55 meV. The translational band over the 25–
40 meV region broadens and lacks the salient feature that
was observed for ice Ih. In nanotube ice the intensity
of the high-energy translationlike optical modes (at
�36 meV) drops drastically and redistributes to lower
frequencies (between 12–25 meV). Moreover, a large ex-
cess intensity appears below 5 meV [see Fig. 2(c)]. The
MD simulations of a 40 �A long SWNT integrating
112 water molecules in the square-ice cylindrical shell
and 14 molecules in the interior chain with respect to the
simulated ice-Ih spectra [Fig. 2(d)] reproduce all the
aforementioned structures observed in the INS experi-
ment. Moreover, to test the structural sensitivity of the
MD spectra, we simulated the cases of SWNT containing
solely the square-ice shell or the water chain, as well as
a 128-molecular assembly of proton-disordered ice Ih.
None of these spectra showed a close resemblance to
the observed data. The fact that only the interacting
shell-chain structure contributes sufficient vibrational
density in the 45–60 meV region and a large increase
below �5 meV to account for the observed spectra
035503-3
lends further credence to our model of nanotube water.
The excess density below 5 meV is expected to play the
important role of the soft dynamics in the thermodynam-
ics (e.g., heat capacity) and mobility of confined water.

Finally, the ‘‘softness’’ of nanotube water was charac-
terized by high-resolution ('E � 80 eV) INS measure-
ments of the huH

2i. The integrated intensity of the elastic
peak I�Q� was recorded over a wide range of Q at select
temperatures as the sample was warmed up from 8 to
300 K. Since the signals arise predominantly from inco-
herent neutron scattering of hydrogen atoms, the elastic
intensity follows the expression of ln�I�Q�� � �huH

2iQ2.
In the case of bulk water [Fig. 3(b)], huH

2i increases
steadily with increasing temperature until it reaches
273 K where an abrupt increase occurs due to the melting
of ice Ih. The data of bulk ice can be adequately explained
by a harmonic potential corresponding to the measured
generalized vibrational DOS [see Fig. 3(b)]. The situation
for nanotube water is drastically different. The magnitude
of huH

2i for nanotube water is about 4 times larger than
that for ice Ih throughout the 8–273 K temperature range.
Note that at 8 K huH

2i of nanotube water is already larger
than the value for ice Ih just prior to melting. At low tem-
peratures the absence of a quasielastic component implies
solidlike behavior of nanotube water, whereas at 300 K
the very large value of huH

2i (�0:17 �A2) and observed
substantial quasielastic scattering would definitely corre-
spond to a liquidlike motion; however, there is no abrupt
jump in the huH

2i for nanotube water that resembles a
solid-liquid transition of bulk water. Therefore, it is evi-
dent that on heating, the nanotube water exhibits a con-
tinuous transition from a solid to a liquid state.

The data imply a strongly anharmonic potential for
nanotube water. Qualitatively, the data favor a flattened-
bottom or low-barrier double-well potential with hydro-
gen delocalized over �0:2 �A distance, as schematically
shown in the inset of Fig. 3(c). Such an anharmonic po-
tential can qualitatively account for the observed huH

2i up
to about 120 K. At higher temperatures, additional fluc-
tuations in terms of hydrogen-bond-breaking diffusion
processes have to be included in order to explain the sharp
rise of the curve. The MD result, in terms of the free
energy of water molecules in a cross section of the tube,
as shown in Fig. 3(a), is more revealing. At low densities
the water molecules begin to fill the minimum of the LJ
well. With increasing density the waters first adhere to the
inside of the nanotube wall, which acts to lower the
energy barrier along the center of the nanotube, eventu-
ally allowing water to occupy the interior region. The
interior well is found to be much flatter and more anhar-
monic than the outer groove and is large enough to allow
fairly easy passage of the interior molecules through the
nanotube. At 50 and 100 K the chain molecules fluctuate
between the local minima resembling a double-well po-
tential. At elevated temperatures thermal activation leads
to the flattening of the well and hence an additional
increase of mobility. Figure 3(d) shows that the large
035503-3



FIG. 3 (color). (a) Free energies across the nanotube walls for
water molecules in nanotube water/ice at 100 (red) and 300 K
(blue). The LJ potential (black) provides the minima for loca-
tion of individual water molecules initially entering the SWNT.
(b) Temperature dependence of huH

2i in nanotube water (red
circles) and in ice Ih (blue circles). The blue line shows the
calculated huH

2i for ice Ih according to the measured
one-phonon DOS with harmonic approximation. Adding a
‘‘delocalization’’ of d� 0:2 �A for the hydrogen atoms to the
calculated curve produced the red line that matches the huH

2i
for nanotube water up to about 120 K. This observation sug-
gests schematically a flattened-bottom potential and a local
minimum on the side for the water molecules in the SWNT (c).
(d) huH

2i calculated from MD simulations of nanotube water,
chain molecules in the nanotube water, shell molecules sepa-
rately (see text), and ice Ih.
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and rapid rising with increasing temperature of the huH
2i

is mainly due to thermal fluctuations of the chain mole-
cules along the tube’s axis (showing liquidlike behavior
already at 50 K), whereas the shell molecules behave like
ice Ih. Since the classical model (TTM2-F) does not take
into account the zero-point-energy contribution, the MD
results show a smaller huH

2i than the experimental values
at low temperatures, but the nonlinear rise and the lack of
an abrupt jump near 300 K are in qualitative agreement
with experiment.

In summary, ND and INS measurements in parallel
with MD simulations clearly showed the entry of water
into open-ended SWNT and identified an ice-shell plus
water-chain structure. The soft dynamics of nanotube
water/ice arises mainly from the drastic change in
hydrogen-bond connectivity of the central water chain.
An average coordination number of 1.86 was found due to
continually breaking/forming of the hydrogen bonds be-
tween a water molecule with its two nearest neighbors
even at �50 K. Anomalously enhanced thermal motions
along the chain direction, interpreted by a low-barrier,
flattened, highly anharmonic potential well, explain the
large huH

2i and fluidlike behavior of nanotube water at
temperatures far below the nominal freezing point. This
behavior agrees qualitatively with the expected water and
035503-4
proton transport via the nominally hydrophobic inner
region of transmembrane proteins such as aquaporin,
gramicidin, and bacteriorhodosin [27–29].
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