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In materials confined within nanoneter channels in single-
wal | ed carbon nanotube (SWNT) bundles, interesting properties
whi ch are not observed in bulk materials are expected. In the
present paper, we report an X-ray diffraction (XRD) study on
wat er adsorption in SWT bundles. It was found that a
substantial anmount of water is absorbed inside SWNTs at room
tenperature (RT). The desorption-adsorption of water

nol ecul es occurred reversibly above RT. W found that the

liquid-like water is transforned into a new solid form i.e
i ce nanotubes, at 235 K
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Si ngl e-wal | ed carbon nanot ubes (SWNTs) crystallize into
bundl es with the cl osest—packed triangular |attice, where
nanonet er channels are present inside and outside each SWNTY 3.
These channel s*1° can accomrmodate a large variety of
nol ecul es and atons, and is expected to show interesting
properties* ! which cannot occur in bulk materials. In
particular, water in SWTs is one of the nost interesting
nol ecul es because the simlar situations can be found in nmany
systems in nature!® 1 Recent conputer sinulations have
denonstrated novel features in water confined inside SWNTs,
such as the formation of polygonal ice nanotubes!® and uni que
wat er conduction®® through SWNT channel s. However, rel evant
experi nmental observations have not yet been established. Here,
we report a systematic X-ray diffraction (XRD) study'® on
wat er adsorption in SWNT bundl es.

The raw soot of SWNTs used was prepared by |aser
vapori zation of a carbon rod including N and Co catal ysts?,
and then purified as previously reported!’. For XRD
experinments, the SWNTs were sealed in a quartz capillary with
wat er vapor at roomtenperature (RT) after renoving adsor bed
gases®!® by heating in vacuumat ~800 K. The average di aneter
of the SWATs used was 1.35 to 1.38 nm close to 1.37 nm of
the (10, 10) SWNT. Powder XRD data were collected in the
tenperature range from90 K to 570 K using a synchrotron
radiation with a wavel ength of 0.1000 nm at beamline BL1B in
Phot on Factory, KEK, Japan. W al so studied enpty SWNTsh?2
Cso- peapods /, and doubl e-wal | ed carbon nanot ubes® (DWTs) for
conpari son.

Figure 1 shows exanples of XRD patterns taken above 300 K
These patterns can be understood on the basis of the two
di mensi onal hexagonal |attice®. Broadeni ng of each peak is
due to the rather small bundl e thickness, 10-100 nmin
di ameter, and the XRD peak profiles are strongly nodul at ed by
the tube-formfactor, as already extensively discussed”® 8,
W first found that the intensity of peak 1 appeared at
around Q4.3 nm?! indexed as 10 based on the two-di nensi onal



hexagonal lattice, increases with increase in tenperature,
and approaches that of the enpty SWNT bundl es above 470 K, as
shown in the inset of Fig. 1. Wth decreasing tenperature to
300 K, the intensity alnost returns to its initial value.
These data indicate that the desorption or adsorption of

wat er nol ecul es occurs reversibly at around 450 K In a
previous work®, essentially the sane behavi our was observed
in SANT materials in air; this was taken as evidence that air
(Ny, Oy and/or H,O nol ecul es can be absorbed i nsi de SWNTs.
However the species absorbed were not identified. Water is

al so known to affect conductivity of the SWNT mat®*, but the
site of water nol ecul es had not been identified. Here, the
present results establish that SWNTs can acconmobdat e wat er
nol ecul es i nsi de.

For further discussions, we sinulated the XRD patterns
using the three nodels for the radial density distribution of
wat er inside the SWNT, as shown in Figs. 1(b) and 1(c). The
SWNTs were assuned to be a honobgeneous charged cyl i nder
form ng the closest-packed triangular lattice®*®® |n the
simul ated profiles (Fig. 1b), one of the nmain features that
vary upon water adsorption is substantial depression of the
peak 1 intensity irrespective of the density profile (nodels
1, 2 and 3), as observed experinmentally. This is a tendency
opposite to the case where adsorption occurs at the
interstitial channels. In such a case, peak 1 intensity mnust
increase. Thus, we are led to the conclusion that water
nol ecul es absorb i nside SWNTs, as nenti oned above. The
aver age nunber of water nol ecul es inside SWNT was esti mat ed
to be roughly 15 water nol ecul es per 1-nml|ong SWNT; GiHO.

A justification of the present sinmulation is given by
results of the conparison of the XRD patterns between the GCeo-
peapods, DWNTs and K-doped Gso- peapods. In the cases of Go-
peapods and DWNTs, we expect the depression of the peak 1
intensity because the electron density inside SWNTs i ncreases
simlar to the above nodels. This tendency was actual ly
observed as shown in Fig. 2. On the other hand, in K-doped



Cso- peapods, K ions have to occupy the interstitial channels
because there is no sufficient roomto acconmodate the K ions
inside. Thus, in this case, we observed an increase in the
peak 1 intensity on K loading (not shown in the figure), as
expected from the sinmulation.

Furthernmore, the detailed inspections reveal features
dependi ng on the nodels: In nodel 1, the intensity of peak 2
(around Q7.0 nm?') is smaller than that of the enpty SWATs.
On the other hand, nodel 3 shows the opposite changes to
nodel 1; the intensity of peak 2 increases while those of
peaks 3 and 4 (around Q8.5 and 11.3 nm', respectively)
decrease. This expectationis justified by a conparison of
XRD patterns of DWNTs and GCeo-peapods with those of the enpty
SWNT bundl es. DWNTs are considered to be a typical exanpl e of
nodel 3, while Gyo- peapods are sonewhat closer to the case of
nodel 1. The results in Fig. 2 confirned the sinul ated
t endency nenti oned above, aside from show ng that the
relative intensities of peaks 2, 3 and 4 are very sensitive
to the materials inside SWNTs, i.e., the density profile

In the case of the water- SYWNT system based on these above
consi derations, we can conclude that the experinmentally
observed XRD profile at RT (Fig. 1) is nost successfully
descri bed by nodel 2: The changes in the relative intensity
of peaks 2, 3 and 4 on water adsorption are well described by
nodel 2. (The shift of the Qvalue for the mnimumintensity
at around Q=8 nm! al so supports this interpretation. The
shift is sensitive to the nodel; for nodel 1 it shifts to the
low Qregion while for nodel 3 to the high-Q region.
Experinental |y, because the shift was negligible small, the
density profile is nost successfully described by nodel 2.)
This distribution (nodel 2) is interestingly close to that of
liquid-like water inferred from conputer sinulations®.

Now, we discuss the |ow-tenperature data. Figure 3a shows
the typical XRD patterns taken at 255 K and 90 K. Bel ow ~265
K at the sanple position, the XRD peaks appear at Q15 nm?
due to the presence of bulk ice (hexagonal ice). Bulk ice was



formed not only inside but also outside the XRD sanpl e gl ass
tube. Apart fromthese peaks, we find significant changes in
the XRD profile below 235 K First, the intensity of peak 2

i ncreases while those of 3 and 4 decrease. As al ready

nmenti oned above, this tendency corresponds to the change from
nodel 2 to nodel 3 in the water-density profile. To see this
nore clearly, we also plotted the differential XRD profile at
tenperatures between 255 K and 90 Kin Fig. 3a. The observed
features are essentially reproduced by the sinulation for
nodels 2 and 3, and their difference (Fig. 3b). Thus, it is
known that the liquid-like water is transfornmed into “water
tubes” inside carbon nanotubes. Here, it should be stressed
that lattice contraction effects'® with tenperature can be

i gnored because t hey show opposite changes to the present
observati on.

In addition, we found a new peak at Q-22 nm! bel ow 235 K
as shown in Fig. 4a. This peak cannot be assigned to bulk ice
(denoted by * in Fig. 4a). The tenperature dependence of the
intensity of this new peak is shown in Fig. 4b, along with
that of peak 2 at @=7.2 nm’. Similar variations in the
intensities of both peaks inply that they have the sane
origin, indicating that the confined water inside SWTs
undergoes a structural transition to an ordered state with a
tube like density profile. The changes are reversible with
tenperature and there is no observable difference for
decreasing and increasing tenperatures. The d-spaci ng
estimated from @21.86 nm' at 90 Kis 0.287 nm The “ice-
tube” dianeter and its percentage inside SWNTs are esti nat ed
to be 0.68x0.05 nmand about 60 % respectively.

These observations |lead us to a structural nodel for the
confined water inside SWNTs bel ow 235 K, as shown in Fig. 4c.
This is exactly the ice nanotube proposed by Koga et. al®3
The ice nanotubes satisfy the so-called “bulk ice rule”: Each
oxygen atom has two donors and two acceptoers of hydrogen in
a four-coordinate configuration. The one-di nensional lattice
constant 0.287 nmis close to the nearest nei ghbor oxygen-



oxygen (O-O bond length in bulk ice of 0.276 nm The ice-
tube dianeter of 0.68+0.05 nmis also consistent with that of
hept agonal or octagonal ice, which has an O O bond | ength of
0.28-0.29 nm

Al t hough the conputer simulations seemto well reproduce
the present results, it should be noted that the sinmulations
were perfornmed under axial pressures ranging from50 to 500
MPa, and the critical tenperatures ranged from 200 K to 300 K
dependi ng on the tube dianeters (1.11-1.34 nm) and the
appl i ed pressure. Experinentally, however, the neasurenents
were perfornmed at anbient pressure for SWNTs with an average
dianmeter of 1.35 nm W should also note that no evi dence was
observed for water adsorption at the inter tube channels wth
a dianeter of approximately 0.26 nm Ceonetrically, these
channel s could adsorb water nol ecul es. The reason why the
adsorption can not occur may be related to different possible
hydr ogen- bondi ng networks of water nolecules within the
confined spaces, as well as different interaction of water
nol ecule with the inside and outside of SWNT wall. These
i ssues, as well as the detailed structures and natures of
confined water in SWNTs, are left for future studies.
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Figure 1. Xray diffraction (XRD) profiles of water-exposed
SWNT bundl es. (a) Observed profiles taken at 525 K and 300 K
(b) Simulated XRD profiles for enpty SWNT bundl es (dotted
line), water-encapsul ated SWNT bundl es for nodels 1, 2 and 3.
(c) Radial density distribution of water nol ecul es for nodel s
1, 2 and 3. “r” denotes the distance fromthe center of the
tube. Qis the anplitude of the scattering vector; Q=4psind I
with the wave length | and scattering angle 2q The inset is
the tenperature dependence of the intensity of peak 1 that
appeared around Q=4.3 nm<.
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Figure 2. XRD profiles for enpty SWNT bundles (a), Ceso-peapod
bundl es (b), and DWNT bundles (c). (A) Experinentally
observed patterns taken at roomtenperature. (B) Sinulated
XRD patterns in the uniformy charge distribution nodel. In
Ceso- peapod, the arrow shows the diffracted peak fromthe one
di nrensi onal array of Cg nol ecul es inside SWNTs.
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Figure 3. (a) XRD profiles in water-exposed SWNT bundl es
taken at 255 K (solid Iine) and 90 K (dotted line). The
difference is also shown. (b) Sinulated XRD profiles in SWNT
bundl es encapsul ating |iquid water described by nodel 2
(solidline) and solid ice nanotube descri bed by nodel 3
(dotted line). The difference is shown below (The sanple is
different fromthat shown in Fig. 1.)
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Figure 4. (a) Tenperature dependence of XRD profiles in

wat er -exposed SVWNT bundles. Stars (*) denote peaks due to
bulk ice. (b) Tenperature dependence of the intensity of the
peak around @22 nm! shown by the arrowin Fig. 4a, along
with that of peak 2 at around Q7.2 nm' The background
intensity due to the presence of a quartz capillary was
subtracted. (c) The proposed structure of the ice nanotube
inside a SWNT. The estimated d-spacing is 0.287 nmat 90 K



