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Water dynamics inside single-wall carbon nanotubes: NMR observations
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The dynamics of water (H,O and D,0) molecules adsorbed inside single-wall carbon nanotubes (SWCNTs)
of average diameter 13.5 A were investigated by means of H- and 'H-NMR between 100 and 300 K. Above
220 K, the NMR spectra were substantially narrowed, and indicated that the water is in a liquidlike state with
translational and quasifree rotational motions. Below 220 K, where water exhibits long range order inside
SWCNTs, the large amplitude molecular motions start to freeze within a time scale of 107 s, while below
around 120 K, almost all of the protons become fixed around each atomic site. The results support the dynamic
properties and ice-nanotube transition predicted by previous molecular dynamics calculations.
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Single-wall carbon nanotubes (SWCNTs) are able to en-
capsulate many kinds of materials within their quasi-one-
dimensional cavities (ca. diameter of 1 nm).' Materials con-
fined within such small cavities are expected to show novel
features which do not appear in the bulk material.>? Water is
one such material*> which can be adsorbed inside SWCNTs
in spite of the hydrophobic nature of the SWCNT wall. This
water is believed to undergo structural transitions from the
liquidlike state to the solidlike state on lowering the tempera-
ture (7), to form tubelike structures [so-called ice-nanotubes
(ice-NTs)] with long-range order (see Fig. 1).*~° Further-
more, water exhibits liquid-to-gas-like phase transitions with
increasing 7.°> As illustrated in Fig. 1, there exist several
energetically degenerate or nearly degenerate structures in
ice-NT structures.” In such cases, the dynamic motion typi-
cally associated with protons or water molecules in the liquid
state may also be possible in ordered ice-NT structures.
However, little is known about the dynamics inside
SWCNTs, although limited information has been obtained
from NMR and neutron scattering experiments.®° Here, we
report a systematic NMR investigation which explores such
dynamics for H,O/D,O molecules adsorbed inside high-
purity SWCNT samples.

The highly purified SWCNT samples used in the present
study were fabricated by laser ablation of Ni/Co-catalyzed
carbon,'® and opened by heating in air for 20—-40 min at
350-450 °C. The average SWCNT diameter was 13.5 A.
Samples prepared using essentially the same technique
have been characterized by x-ray diffraction (XRD),
Raman, and transmission electron microscopy (TEM)
observations.*>!113 The samples (~20 mg) were set inside
quartz NMR tubes connected to a high purity degassed
D,0/H,0 cell. Following evacuation, the sample was ex-
posed to saturated water vapor at room 7. XRD experiments
on the D,O samples adsorbed to SWCNTs essentially re-
vealed the same ordering behaviors as the H,0O-adsorbed
samples reported previously:® the ordering T of D,O in
SWCNTs is equal to that observed for H,O samples within
5 K. The NMR experiments were performed in a constant
field of 4.0 T using a pulsed Fourier transform NMR tech-

1098-0121/2006/74(7)/073415(4)

073415-1

PACS number(s): 66.30.Pa, 33.25.+k, 64.70.Nd

nique with a sequence of 90° pulse followed by a free induc-
tion decay signal. The 90° pulse lengths for 'H and ’H NMR
were 1.6 and 14.5 us, respectively.

Figure 2 shows a series of typical ’H-NMR spectra ob-
tained at different temperatures from 170 to 290 K. It should
be noted that no hysteresis was observed between heating
and cooling, as confirmed by XRD measurements.’ Here, we
note three important features: namely a substantially nar-
rowed NMR spectra, a noticeable decrease in NMR intensity
at lower temperatures, and the presence of fine structures in
the spectra.

First, we discuss full width at half maximum (FWHM)
values (<~10 kHz) of the observed *H NMR spectra,
which is much smaller than those obtained (~200 kHz) for
static D,O molecules in bulk ice. Such sharp spectra indicate
a narrowing effect, and clearly provide evidence of the exis-
tence of the large amplitude molecular motion of water mol-
ecules on the NMR time scale estimated by the inverse of
static linewidth, i.e., (27X200 kHz)~™'~107%s. The mo-
tional narrowing of the NMR line is a general phenomenon
which occurs if the large amplitude molecular motion, with a
correlation time shorter than the NMR time scale, can
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FIG. 1. (Color online) Schematic illustration of the heptagonal
ice-NTs with energetically equivalent proton arrangements. Larger
spheres represent oxygen atoms and smaller spheres represent hy-
drogen atoms.
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FIG. 2. (Color online) T-evolution of H NMR spectrum for
D,O confined inside SWCNTs. The dotted and dashed lines denote
the single-peak and double-peaked components, respectively. The
double-peaked components were obtained by subtracting the
Lorentzian components from the observed ’H NMR spretra. A cal-
culated line shape with ¥,=6.8 kHz and %=0 is also displayed in
the figure (bottom). The line shape is convoluted with a Lorentzian
function with FWHM of 2.1 kHz.

average out the local field.'¥ The *H nucleus, which has a
spin /=1 and a quadrupole moment Q=2.8 X 10~ b, couples
with the local electric field gradient (EFG) tensor V at the
site of the “H nucleus.'* As a result, the high field NMR
spectrum in randomly oriented D,O samples exhibits a
double-peaked structure. The EFG of D,O is almost fully
determined from the intramolecular properties, affording
V,.~3.1x10" V/em* and 5=(V,,—-V,)/V_~0.1 for the
principal values of V, which gives rise to a separation of
v~ 150 kHz for the double-peaked structure.'” The ob-
served narrowed spectra imply that the rotational motions of
the water molecules must be nearly isotropic in order for
them to average out the anisotropy of the EFG tensor within
5% (=10 kHz/200 kHz). A weak deviation from the com-
pletely isotropic rotation gives rise to small fine structures as
shown in Fig. 2 such that the ’H NMR spectra cannot be
described by a single Lorentzian-type function expected for
the ideal isotropic rotation. This, the third important feature,
will be discussed later.

The second important point to be discussed is the inten-
sity of the observed ’H NMR signal. In principle, the inte-
grated spectrum intensity /¢ is proportional to the nuclear
magnetization, which follows the Curie law under the usual
T (>5 mK) and field (a few Tesla) conditions; «<N/T where
N is the number of spins contributing to the signal. Therefore
the product, I¢X T, must be constant with 7. This is the case
above 220 K, as shown in Fig. 3(a). However, below 220 K,
the I¢ X T values start to decrease with lowering 7, such that
some of the NMR signals disappear. Such behaviors indicate
NMR line broadening extending over the observation win-
dow due to freezing of the molecular rotational motions. This
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FIG. 3. (a) T-dependence of the H NMR intensity and
T,IgX T (@) product. The I¢X T for the single Lorentzian shape
(V) and double-peaked structural (A) components are also plotted
in the figure. In the inset, the values of v, obtained from the
double-peaked pattern are plotted. (b) 7T-dependence of the frozen
water fraction estimated from 'H NMR (O) and ’H NMR (@)
intensities. (c) 7-dependences of the XRD Bragg peak intensity
arising from the ordered structures, heptagonal (V) and octagonal
(A) ice-NTs. For comparison with the NMR results, the sum of the
Bragg peak intensities (O) is also plotted in the figure.

explanation is consistent with the fact that the instrumentally
limited observation window (~100 kHz in the present mea-
surements) is much smaller than the ’H-NMR line width for
static D,O molecules ~200 kHz. Therefore we conclude that
some D,O molecules lose their rotational mobility below
~220 K.

For the SWCNT samples used in the present experiments,
the XRD measurements confirm the long range ordered
structures assigned to the heptagonal and octagonal ice-NTs
below T-=225 and 190 K, respectively. The 7-dependences
of the Bragg peak (so-called ice-peak) intensity arising from
these ordered structures are also shown in Fig. 3(c) for
comparison.’ It is found that the gradual decrease in the in-
tensity of the NMR signal on cooling is well-correlated with
the development of ice-NTs. From this coincidental occur-
rence, it appears to be quite natural that the reorientational
motions of water molecules are frozen in ice-NTs.

Next, we discuss the 'H NMR spectra taken at several
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FIG. 4. (Color online) T-evolution of 'H NMR spectrum for
H,0 confined inside SWCNTSs. The upper scale indicates the shift
() measured relative to bulk water. The right-hand side is described
as the downfield region. The dotted and dashed lines denote the
Lorentzian and Gaussian components, respectively.

temperatures (Fig. 4). Unlike the >H NMR results mentioned
previously, there is no decrease in the NMR intensity down
to ~100 K from 270 K, that is, the 'H NMR signal arising
from the majority of the water molecules in SWCNTs is
observable down to 100 K. As seen in Fig. 4, the NMR
linewidth increases on cooling from 270 K, while the
FWHM becomes almost constant (56 kHz) below ~120 K.
However, a detailed inspection of the NMR spectra reveals
at least two components in the intermediate 7-region
(120<T<220 K). As shown in Fig. 4, we found that using a
broad Gaussian line with a fixed FWHM (~56 kHz) and a
sharp Lorentzian line, it was possible to successfully repro-
duce the observed spectra. Although the relative intensities
of the broad and sharp lines contain a large uncertainty, the
analysis definitely indicates coexistence with different NMR
signals, corresponding to water molecules with different mo-
tions. Here, the broad component increases with decreasing
T. This interpretation is consistent with the “H-NMR results,
where the coexistence of a broad NMR signal with
FWHM > ~ 100 kHz and a motional-narrowed NMR signal
is observed below 220 K. In Figs. 3(b) and 3(c), it is shown
that the broad line intensity shows similar 7" dependence to
that of the lost signal for ’H and the intensity of the Bragg
peak (ice-peak) due to the ordered ice. Thus both the broad
signals for 'H and ’H are ascribed to immobile water in
ice-NTs. The results support the molecular dynamics (MD)
calculations which indicated that water molecules in ice-NT
have the same order of diffusion constant as in bulk ice
(D~ 107""%m?/s).6

For further quantitative discussion of the "H NMR line at
the lowest 7, we calculated the 'H-NMR second moment
(M,) for the rigid ice-NT lattice using Van Vleck’s method.
For randomly oriented powder samples, the 'H-NMR second
moment owing to 'H-"H dipolar interactions is given by
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where r;; is the distance between nuclei, g the gyromagnetic
ratio, I the spin quantum number (in this case, I=1/2), and h
Planck’s constant.!*16 Using the structures for heptagonal
and octagonal ice-NTs, > we obtained M,=4353 and
425.9 kHz.> Accordingly, the FWHM,, (=2.36\VM,) values
for the heptagonal and octagonal ice-NTs are 49.1 kHz and
48.6 kHz, respectively, on an assumption of a Gaussian-
shaped resonance line.

Certainly, the 'H NMR spectrum taken at 120 K can be
well fitted by a Gaussian function, as shown in Fig. 4, and
the experimental value (~56 kHz) for the FWHM agrees
very well with that calculated above for the rigid lattice. This
fact indicates that all of the protons are essentially frozen at
this 7, although several structures related to the proton ar-
rangement in ice-NT structures are energetically degenerate
or nearly degenerate,’ as exemplified in Fig. 1. Therefore it is
presumed that the potential barriers for the cooperative pro-
ton transfers among the degenerate and nearly degenerate
structures are much larger than ~100 K.

Now, we discuss the disordered phase above 220 K. As
already mentioned, the ’H NMR spectra reveal that the con-
fined water molecules exhibit rapid rotational motion. How-
ever, information regarding the translational motion of these
molecules is precluded, because ’H-NMR spectra only really
reveal information regarding the intramolecular properties.
Here, we discuss the translational motion in terms of the 'H
NMR spectra. Let us consider a simple case where the water
molecules rotate isotropically at fixed points, while keeping
the oxygen sublattice of the ice-NT (as a model for frozen
translational motion). The rapid, isotropic rotational motion
of the water molecules averages the intramolecular 'H-'H
dipolar interaction essentially to zero. Therefore the observed
'"H NMR line shape is determined by the intermolecular
"H-'H dipolar interaction, and calculated to be FWHM,,
=24 kHz. Above 220K, the experimental linewidth
(6-8 kHz) for "H NMR is much smaller than 24 kHz for the
model of frozen translational motion. Hence translational
motion must occur, and causes an additional narrowing of
the intermolecular linewidth. This result is consistent with a
liquid like state in high 7 regions, as suggested in the
previous MD calculations,® which predicted a diffusion
constant of the same order as bulk water in ice-NT
(D~107° cm?/s).

The observed 'H NMR linewidth must also include other
contributions such as inhomogeneous broadening due to the
anisotropic susceptibility of SWCNTs and the magnetic im-
purities. These inhomogeneous broadenings (ca. 4 kHz) were
estimated from NMR observations of adsorbed gases inside
SWCNTs,!7 following the discussion by Kleinhammes et
al.'® Deviation from the isotropic molecular rotation also
gives rise to a residual intra-dipolar broadening. In the
present case, this broadening was estimated as ~2 kHz
above 220 K from a comparison with the ’H-NMR results,
as discussed below. Therefore the intrinsic '"H NMR line-
width due to intermolecular interactions must be roughly
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1-3 kHz, assuming a Lorentzian line for each of the contri-
butions.

Finally, we focus our discussion on the observed ’H NMR
line shape. As shown in Fig. 2, the ?H NMR spectrum shows
a single sharp line at high 7, and then gradually broadens
with decreasing 7. At low T, the spectra exhibit fine struc-
tures ascribed to water molecules with different rotational
motions. Here, it should be noted that a motional narrowing
can lead to similar line shapes to the observed one when the
orientational correlation time for water molecules is compa-
rable to the ’H NMR linewidth. However, the spectra must
be symmetric in this case, and inconsistent with the observed
spectra. Thus the spectra at low T can be divided into two
qualitatively different components: a Lorentzian-shaped
component and a double-peaked structural component.

It is common knowledge that line shapes with similar fine
structures are often observed for adsorbed water molecules in
such materials as silica glass, zeolites, and biological
membranes.'*?! The origin can be explained as follows.
Since water molecules at the boundary have a preferential
orientation owing to the water-adsorbent interaction and
water-water interactions, the rotation of adsorbed water mol-
ecules cannot be completely isotropic at finite temperatures.
Therefore the EFG tensor is not perfectly averaged out and
the resulting >H NMR spectra appear with a reduced splitting
7o (<vp). Indeed, the spectrum at 170 K can be reproduced
by a calculation using ¥,=6.8 kHz, =0, and an orienta-
tional correlation time much shorter than 107° s, as shown in
Fig. 3.

At higher temperatures, because the rotational motion be-
comes more and more isotropic, the ¥, value decreases and
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the line shape changes to a Lorentzian type. The inset image
in Fig. 3 shows the T-dependence of 7y, and a fitting of the
observed splitting of the function ¥y=w,exp(Ty/T), where
T, represents the energy gain for the preferential direction.
Here, we obtained vy=1.12kHz and T7T,=365K
~0.031 eV from the fitting. Interestingly, the obtained T
value is very close to the energy for the adsorption of water
molecules to the outside of SWCNTs (5,5), which was esti-
mated from first principal calculations.??

In summary, we have investigated the molecular motions
and proton dynamics of water molecules confined within
SWCNTs by means of 'H and *H NMR, in a T-range from
100 to 300 K across the so-called ice-NT formation 7.
Above T, motionally narrowed NMR spectra are observed
due to the mobile water molecules. This fact indicates that
the water inside SWCNTs is in a liquid state, where the
translational and rotational motions of the water molecules
are fast on the NMR time scale of ~107° s. However, on
decreasing 7, the molecular rotation deviates slightly from
the completely isotropic rotation. This phenomenon was ex-
plained in terms of the existence of a preferential orientation
of water molecules even in the liquid state. Below 220 K, we
observed a decrease in “H NMR intensity according to the
formation of ordered ices; heptagonal and octagonal ice-NTs.
All of the protons/deuterons in the ordered ices are fixed
around each hydrogen bond or atomic site on the NMR time
scale of 107 s. These results support the dynamic properties
predicted by the previous MD calculations.®
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