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onfinement of water molecules at

the nanoscale' has attracted a lot of

attention in recent years from the
fundamental physics point of view as well as
its relevance to biology, geology, and ma-
terial science. The physical properties of con-
fined water and diffusion in reduced dimen-
sionality exhibit a number of peculiarities in
comparison with the bulk water. Single-
walled carbon nanotube (SWNT) is an excel-
lent material to provide a nanoscale geom-
etry to confine the water molecules that have
a weak interaction with the carbon nano-
tube.? In recent years, molecular dynamics
simulation (MD),>~7 grand canonical Monte
Carlo simulation,®® X-ray diffraction,'® neu-
tron diffraction,! inelastic neutron scattering
(INS),"" and nuclear magnetic resonance
(NMR) techniques'? ' have been used to
study the water confined inside the SWNTSs.
In these studies, it has been shown that
the water molecules enter inside the
SWNTs, and their physical properties are
drastically modified due to disruption of the
hydrogen bond network. The average num-
ber of hydrogen bonds is reduced within
the nanotube relative to four in bulk water,
resulting in lowering of the freezing (melt-
ing) transition temperature of the confined
water.5’

Molecular dynamics simulations," neu-
tron scattering experiments,'” and grand
canonical Monte Carlo simulations® show
that, inside a nanotube of diameter ~1.4
nm, water molecules are organized in a
“shell”-like structure near the wall and a
“chain"-like structure near the center of the
SWNT. The chain-like water molecules show
liquid-like behavior even at temperature as
low as ~50 K, which is far below the nomi-
nal freezing point of bulk water (273 K).
However, the dynamics of shell-like water
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ABSTRACT We report a nuclear magnetic resonance (NMR) study of confined water inside ~1.4 nm diameter

single-walled carbon nanotubes (SWNTs). We show that the confined water does not freeze even up to 223 K. A

pulse field gradient (PFG) NMR method is used to determine the mean squared displacement (MSD) of the water

molecules inside the nanotubes at temperatures below 273 K, where the bulk water outside the nanotubes freezes

and hence does not contribute to the proton NMR signal. We show that the mean squared displacement varies

as the square root of time, predicted for single-file diffusion in a one-dimensional channel. We propose a

qualitative understanding of our results based on available molecular dynamics simulations.
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molecules is similar to that of ice. The high
mobility of chain-like water molecules is be-
lieved to arise due to the hydrophobic na-
ture of the inner region."

Molecular diffusion in a unidimensional
channel is very different from that of isotro-
pic diffusion in the bulk system. The re-
stricted geometry makes mutual passage
between the molecules forbidden, and as a
result, the sequence of molecules remains
the same over time. Time dependence of
mean squared displacement (MSD) with
time (t) characterizes the nature of diffusiv-
ity: MSD in ordinary diffusion varies linearly
with time, whereas it increases as the
square root of time in unidimensional
channels.’®" '8 The latter is known as single-
file diffusion (SFD).'*=2' Diffusion in re-
stricted geometry is of interest in under-
standing the diffusion in nanoporous
zeolites,?? ion transport in biological
membranes,'®?2 catalysis,?” and drug re-
lease, etc. It has been shown experimentally
that diffusion of CH, gas molecules inside
zeolite AIPO4-5 is SFD by measuring the
time dependence of the MSD using the
pulsed field gradient (PFG) NMR
technique.?228-3% So far, molecular dynam-
ics simulation has been employed to under-
stand the diffusive nature of confined

water - confinement - single-file diffusion -
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water inside the SWNT.3'32 There are no experimental
results of the MSD of confined water inside the SWNT.
Nuclear magnetic resonance spectroscopy is a
unique technique to study the confined water inside
the SWNT. This is because the NMR transverse
(spin—spin) relaxation time, T, of a proton in water is
much larger (100 ms to a few seconds) than that of solid
ice (~6 ws). This ensures that the NMR signal below
273 K (the freezing temperature of bulk water) arises es-
sentially from the nonfrozen confined water inside the
SWNT. Let us briefly summarize the existing NMR results
on confined water inside SWNTs. Ghosh et al.'> showed
that the "H NMR signal of confined water inside SWNTs
(diameter ~1.4 nm) has two components: broad L,
component (line width ~10 kHz) associated with the
water molecules at the center of the SWNT, which van-
ishes below 242 K; and a narrower L, component (~4
kHz) associated with water molecules near the wall of
the SWNT whose intensity decreases to zero near 212 K.
Mao et al.’® have measured the water adsorption iso-
therms at room temperature inside SWNTs (~1.4 nm)
and shown that the capacity of water inside the SWNT
is 3 mmol/g, whereas molecular dynamics predicts that
it should be 16 mmol/g. The "H NMR signal has a single
peak line width of 5 kHz. Sekhaneh et al.’* assigned
the chemical shift of outside water compared to the in-
side water in a ~1 nm SWNT using 'H MAS (magic-
angle spinning) NMR spectroscopy. The proton NMR
line width of confined water is ~0.8—1 kHz. Matsuda
et al.">have investigated 2H and "H NMR between 100
and 300 K inside ~1.35 nm SWNTs. They have calcu-
lated the "H NMR line width to be ~24 kHz for intramo-
lecular 'TH—"H dipole interaction in confined water,
whereas the intrinsic '"H NMR line width is ~1—3 kHz
due to intermolecular dipolar broadening. However, ex-
perimentally, they have observed a single 'TH NMR peak
at ~5 kHz up to 200 K, and below this temperature,
there are two lines, one with narrow line width (~5 kHz)
and another one with very broad line width (~50 kHz).
They attributed the narrow and broad lines, respec-
tively, to the mobile and immobile water molecules.
All of these studies show that the confined water in-
side SWNTs has liquid-like behavior far below 273 K. In
most of the cases, a motionally narrowed single peak
(0.8—5 kHz) is observed for confined water. However,
there is no clear experimental evidence whether these
NMR signals come from the center of the nanotube
(chain-like water) or near the wall (shell-like water).
Most importantly, there is no dynamic study to find
the diffusive nature of confined water inside SWNTs. In
this paper, we report proton nuclear magnetic studies
of confined water inside the single-walled carbon nano-
tube with an average diameter of ~1.4 nm. We divide
our results into two sections: (i) static and (ii) dynamic.
In the static part, we confirm that the confined water
does not freeze up to 223 K, and in the dynamic part,
we present MSD of the water molecules moving inside
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Figure 1. Temperature dependence of the proton NMR
spectrum using an AMX-400 NMR spectrometer. The multi-
plicative intensity scale factors and corresponding tempera-
tures are shown in each panel.

the SWNT, which reveals single-file diffusion. From the
narrow line width observed in the static part and the
MSD dependence on time as \/t, we propose that the
single peaked narrower 'H NMR signal (~300 Hz) comes
from the mobile chain-like water molecules near the
center of the SWNT.

RESULTS AND DISCUSSIONS

Static Part. Figure 1 shows the "H NMR spectra re-
corded at different temperatures. The temperatures of
the sample (SWNT + H,0) were lowered slowly from
room temperature to ~223 K at an interval of 5 K, and
at each temperature, the sample was equilibrated for 30
min. In the heating cycle, we repeated the same proce-
dure and recorded the NMR spectra shown in Figure 1.
The intensity scale factors are given at the left side of
the spectra normalized by the number of scan (NS = 1)
and receiver's gain (RG = 1). At 298 K, a narrow peak
(width ~8 Hz) is observed. Because a very small weight
fraction (~1073%) of nanotubes is used in SWNT/H,O
mixtures, the contribution of the confined water (wa-
ter molecules inside the SWNT) at 298 K will be negli-
gible compared to the bulk water outside the nano-
tubes. Below the bulk freezing temperature (273 K), the
water molecules outside the SWNT freeze, and there-
fore, the broader peaks (width ~300 Hz) below 273 K
in Figure 1 arise from the mobile water molecules con-
fined inside the SWNT. It has been discussed in the in-
troduction that the water molecules do not freeze in-
side the SWNT due to lower coordination number, and
as a result, they are mobile inside the SWNT and con-
tribute to the NMR signal. It can be seen from Figure 1
that the NMR intensity of the confined water is ~1077
times less compared to the bulk water signal. We
should note that the NMR spectra of confined water
are symmetric with a single peak, and its position is
down shifted compared to the bulk water. The NMR

A \

1688 A@J\FAJ\KI VOL. 4 = NO.3 = DAS ET AL. www.acsnano.org



100 ——

>
T
O \
o
L

Integrated Area (a.u)

T

o
©
il
%
g
5
X
b
%
2

o
~
T
L

Line Width (ppm)

o
S
X
+
¥

-
N

T

L

o
oo
|
i
0
0
o
]

041 1

00t g
220 230 240 250 260 270 280 290 300
Temperature (K)

Peak Position (3-8 ) (ppm)

Figure 2. (Top panel) Integrated area normalized by NS = 1
and RG = 1 as a function of temperature. Line width (middle
panel) and chemical shift (bottom panel) of the NMR spec-
tra at different temperatures. The dotted lines are drawn as
a guide to the eyes. The integrated intensities for free water
(above 273 K) are very large and not shown here.

spectra are fitted with a single Lorentzian, and in Fig-
ure 2, we show their area, line width, and peak position
as a function of temperature. As temperaure is low-
ered, the integrated area decreases, and below 223 K,
it is barely observable due to a poor signal-to-noise ra-
tio. To explain the intensity decrease with lowering of
temperature, we follow ref 3, where they have shown,
using MD simulation, that there are two radial density
distributions inside the SWNT: one near the center of
the nanotube and another one near the wall. With de-
creasing temperature, the water molecules move from
the center to the wall, and as a result, the fraction of the
water molecules at the center of the nanotube de-
creases. It can be seen from the middle panel of Figure
2 that the line width of bulk water is ~0.02 ppm (0.02 X
400 = 8 Hz), whereas the line width of the confined wa-
ter is ~250 Hz and it remains constant up to 240 K
and then increases up to 400 Hz at 223 K. This line width
(0.25—0.4 kHz) is very close to the calculated intrinsic
line width (1—3 kHz) of the "H NMR of confined water.
Therefore, almost constant narrow line width (~300
Hz) with decreasing temperature is likely to arise from
the mobile part of the confined water with translational
and quasi-rotational motion, implying that there is no
signature of freezing even up to 220 K. This is consis-
tent with the neutron scattering results of ref 11, where
the freezing is suppressed up to 50 K. In the present ex-
periment, the line width (~400 Hz) is very narrow as com-
pared to the one in earlier experiments (~10 kHz)."2 The
only difference is we use a very small amount of nano-
tubes (0.006% weight fraction, i.e., 100 p.g of high purity
SWNT in 1.6 mL of double distilled water) compared to
our earlier experiments'? (2.5 mg of SWNT completely
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Figure 3. (a) PFG NMR attenuated signal of a SWNT+ H,0
mixture at 298 K using a DRX-500 NMR spectrometer. The in-
tegrated area is normalized by the signal at a gradient field
strength (g) of zero. (b) MSD as a function of observation
time (t) in log—log scale. Inset shows the same data in
linear—linear scale.

soaked in double distilled water). We believe that the
magnetic shielding effect is one of the major factors con-
tributing to the NMR line width of the confined water in-
side the carbon nanotube. As seen in the bottom panel of
Figure 2, the chemical shift of the bulk water increases
with decreasing temperature because of density change.
The chemical shift of the confined water also increases
with the decreasing temperature. A sudden jump in posi-
tion of the chemical shift of the confined water com-
pared to the bulk water at 273 K may arise due to aniso-
tropic magnetic susceptibility of the SWNT and disrupted
hydrogen bond network of the confined water.

Dynamic Part. In the dynamic part, we have used the
pulsed field gradient (PFG) NMR method (see the Ex-
perimental Section for the details) to determine the dif-
fusion of water molecules. We recorded the PFG NMR
signal for 16 different values of gradient magnetic field
strength (g), and then we fit each spectrum with a
single Lorentzian. Figure 3a shows the decrease of at-
tenuated PFG NMR signal (normalized integrated area)
as a function of the quantity (ydg)?at T = 298 K for A =
50 ms, where the diffusive time t = A — &/3 and 3 (the
duration of gradient pulse) = 2 ms. The details have
been described in the Experimental Section. It can be
seen from Figure 3a that in log—linear scale the attenu-
ated signal depends linearly on the square of the gradi-
ent field strength. We have fitted the experimental
data (open circles in Figure 3a) using the following
equation:3

<Zz(t)>) )
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with mean squared displacement ((Z%(1))) as a fitting pa-
rameter. The I, corresponds to the signal for g = 0. Fig-
ure 3b shows the MSD ((Z(t))) in log—log scale for dif-
ferent diffusive times (open circles). The MSD is fitted
with the equation

(Z2(t) = 2Dt )

where, D, diffusion coefficient of the bulk water is the
fitting parameter. The inset of Figure 3b shows the MSD
({(Z4(1))) as a function of time in a linear—linear scale,
and it can be seen that the mean squared displacement
increases linearly with time, as expected for normal dif-
fusion. Thus, at T = 298 K, bulk water shows normal dif-
fusive behavior with diffusion coefficient D = 2.2 X
107° m?/s. As mentioned in the static part, because of
the very low weight fraction of the SWNT sample, the
PFG NMR signal at 298 K comes mainly from outside
bulk water.

To find the diffusive nature of confined water in-
side the SWNT, we slowly cooled the SWNT/H,0 mix-
ture from room temperature to 220 K at an interval of
5 K and waited for 30 min at each temperature. The
sample is then slowly heated in 5 K intervals with a wait
of 30 min, and the PFG NMR signals are recorded in
the heating cycle. The diffusive nature of confined wa-
ter is determined at two temperatures, 271 and 268 K,
because at still lower temperatures PFG NMR signals be-
come too weak to record 16 values of gradient mag-
netic field strength (g). The inset of Figure 4a confirms
that the static "H NMR spectra of the confined water
(broader line) at 271 K and that of the bulk water (nar-
row line) at 298 K recorded at 500 MHz spectrometer
are nearly identical to those recorded using a 400 MHz
spectrometer (Figure 1). Figure 4a shows the PFG NMR
spectra of the confined water inside the SWNT at T =
271 K for several gradient magnetic field strengths (g)
for A = 150 ms. Each spectrum is fitted with a single
Lorentzian, and the normalized integrated areas are
shown in Figure 4b as a function of the square of the
gradient field strength. It can be seen from Figure 4b
that the attenuated NMR signal does not decay linearly
in log—linear scale as opposed to the case of the bulk
water (Figure 3a). This can be understood by the follow-
ing argument. The signal attenuation for the confined
water in a unidimensional channel can be written as®*3°

I
/0_2f—1ex'°

2
(—y29262<%t)>x)dx (3)

where the integral over the parameter x (cos ) arises to
take into account the random orientation of the nano-
tubes with respect to the direction of gradient field
strength (g). The experimental data (open circles in Fig-
ure 4b) are fitted using eq 3 with MSD ((Z(t))) as a fit-
ting parameter, as shown by the solid line in Figure 4b.
Therefore, from the sublinear decay profile of the PFG
attenuated signal, we confirm that at 271 K the NMR
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Figure 4. (a) PFG NMR spectra of a SWNT + H,0 mixture at
271 K for different gradient field strength (g). The dotted
lines are the fitted Lorentzians. Inset shows the static NMR
spectra at 298 and 271 K (x 107). (b) Attenuated normalized
integrated area of the confined water at 271 K as a function
of square of gradient field strength (g). The solid line is fitted
using eq 3, and the dashed line is fitted using eq 1.

signal comes from the confined water inside the SWNT.
Figure 5a shows these sublinear decay profiles of at-
tenuated signal of the confined water for different dif-
fusive times. The solid lines are the fitted curves using
eq 3 to get MSD ((ZA(t))), as shown in Figure 5b in
log—log scale. The inset in Figure 5b shows the data in
linear—linear scale and can be seen that, unlike bulk
water, the mean squared displacement of the confined
water does not increase linearly with time. We fitted the
MSD with the equation

(Z(t) = 2Ft® (4

where the best fit is obtained for « = 0. 54 = 0.02 and
the mobility F = 3.26 X 107 m? s~ "2, as shown by the
solid line in Figure 5b. The same experiment was re-
peated at 268 K, and Figure 6 shows the attenuated sig-
nal of the confined water as a function of square of
the gradient field strength for different PFG delay time
(A). In Figure 7, we have compared the mean squared
displacement at three temperatures (298, 271, and 268
K) as a function of observation time (t). The 268 K data
are also fitted using eq 4 with « = 0.53 = 0.03 and F =
1.03 X 107 m? s~ "2, We can see that the MSD de-
pends as the square root of time, and therefore, we con-
clude that the diffusion of the confined water inside
the SWNT is single file in nature.

SFD in a unidimensional channel is only possible if
the particles cannot cross each other. In a 1.4 nm tube,
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Figure 5. Normalized attenuated PFG NMR data of the con-
fined water at 271 K for different observation time (t = A —
8/3). (b) MSD as a function of observation time (t) in log—log
scale. Inset shows MSD in linear—linear scale.

water molecules should be at a distance 0.27 nm from
the wall of the nanotube because of the hydrophobic
van der Waals gap.3® Therefore, only 0.86 nm is available
for the confined water, which can accommodate about
three water molecules in the cross section of the nano-
tube. Thus, on first sight, SFD may not be expected to
be observed in a 1.4 nm diameter tube. Here, we give a
plausible explanation for the observation of SFD. As
mentioned in the introduction, the confined water mol-
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Figure 6. Normalized attenuated PFG NMR data of the con-
fined water at 268 K for different observation time (t).
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Figure 7. Comparison between the MSD at different tem-
peratures. At 298 K, the solid line is the fitted line using eq
2. At 271 and 268 K, the solid lines are fitted using eq 4, yield-
ing @ = 0.54 and 0.53, respectively.

ecules inside the 1.4 nm tube make shell- and chain-
like structures, as seen in MD simulations.! Below 273
K, the molecules in the shell-like structure become im-
mobile along the interior of the nanotube wall in a four-
fold coordinated “square-ice” pattern. However, the wa-
ter molecules in the central chain-like structure with

an average coordination number of 1.9 have large
translational and rotational motion even up to 50 K.
Thus, the narrow (~0.3 kHz) NMR signal seen in our ex-
periments essentially comes from the chain-like central
water molecules. The NMR signal from the shell-like wa-
ter molecules (with an expected line width of about 24
kHz due to 'TH—"H dipole interaction') could not be
seen in our experiment due to limited spectral window
(~10 kHz). The chain-like central water molecules move
in a unidimensional channel where they cannot pass
each other and hence exhibit single-file diffusion. The
large MSD seen in Figure 7 suggests that the water mol-
ecules in the chain are not close-packed. We should
mention here that, in our understanding, the narrow
line in ref 15 can arise from the central chain-like (mo-
bile) molecules, whereas the broad line below 200 K can
be attributed to shell-like (immobile) water molecules.
We should also mention that more theoretical work is
needed to achieve better understanding of our data.
We want to emphasize that our explanation of the
single-file diffusion in terms of a model given above
(ref 11) is only qualitative and suggestive. We do not
claim that the shell-central chain model is the only pos-
sibility to understand our results. It could be possible
that the observed one-dimensional behaviors may arise
from the water clusters inside the SWNT, where the
clusters exhibit the single-file diffusions inside SWNTSs
with larger diameter cavities. We hope this will motivate
further simulations to understand the dynamics of con-
fined water inside nanotubes.

Here we should also point out that there are addi-
tional surfaces as well as interstitial spaces available in
SWNTs, and those can contribute to the NMR signal.
However, we rule out these possibilities: single-walled
carbon nanotubes (SWNTSs) self-assemble into a two-
dimensional triangular lattice to form bundles of
aligned nanotubes with a nearest intertubular gap of
~0.34 nm. These interstitial gaps in the bundle can be
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potential sites for the water molecules. However, mo-
lecular dynamics simulations have shown that the wa-
ter molecules do not enter the hydrophobic van der
Waals gaps between the nanotubes in a bundle.?” This
is understandable because first principle calculations
show that the water molecules should be at a distance
of ~0.27 nm from the surface of the nanotubes.® Even
though the nanotube surface is corrugated, the struc-
tural properties of water at the nanotube —water inter-
face are similar to those seen for water at an idealized
graphite surface.®® The enthalpies of water-immersed
singe-walled carbon nanotube horns showed a very
weak interaction between the water molecules and the
hydrophobic carbon nanotubular structure.?® Since our
earlier NMR experiments'? on water adsorbed on
graphite did not show any measurable suppression of
the freezing/melting temperature of water, we rule out
the possibility of contributions from adsorbed water on
the nanotube surface to the NMR spectra below 273 K.
The only difference in the case of the nanotube com-
pared to graphite surface is the presence of a few
COOH™ groups at two ends of the nanotubes, where
the water molecules can be adsorbed and can contrib-
ute to the NMR signal. However, these water molecules
can contribute only to the static NMR signal and not
to the dynamics, which shows a large mean squared
displacement as well as sublinear decay profile of the
PFG attenuated signal below 273 K. Thus, we believe
that the NMR proton signals in our diffusion experiment
come from the confined water inside the nanotube.

In order to substantiate our interpretation of the ob-
served dependence of the MSD on time as evidence
for single-file diffusion, it is necessary to establish that
the observed behavior is not due to the finite size and
size distribution of the nanotubes. Since the nanotubes
have finite length, the MSD of a molecule undergoing
normal diffusion inside a nanotube is expected to satu-
rate at times on the order of the time that the mol-
ecule takes to diffuse over a distance comparable to
the length of the nanotube (we assume here that the
molecules cannot exit the nanotube through its ends).
The MSD in this case would grow linearly with time at
short times but would deviate from linear growth at
longer times, eventually saturating in the long time
limit. For such a dependence of the MSD on time, it is al-
ways possible to find a time interval over which the de-
pendence of the MSD on time is reasonably well-
described by a power law with an exponent close to
1/2. This effect may be accentuated by the fact that the
lengths of all of the nanotubes in the sample are not
the same: a distribution of lengths may increase the size
of the time interval over which the MSD of normally dif-
fusing molecules, averaged over the distribution of the
lengths of the nanotubes in the sample, exhibits a time
dependence similar to that expected for single-file dif-
fusion. We have studied the effects of finite size and size
distribution on the time dependence of the MSD of
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molecules undergoing normal diffusion in one dimen-
sion in order to examine whether the observed behav-
ior can be explained in terms of these effects.

Our calculations are based on the one-dimensional
diffusion equation with reflecting boundary condi-
tions. Let P(x, t|xo, 0) be the probability of finding the dif-
fusing particle at position x at time t > 0, assuming
that it is at xp at time t = 0. This quantity satisfies the dif-
fusion equation

P _ P
dt x>
where D is the diffusion constant. The boundary condi-

tions for a particle inside a tube of length L with reflect-
ing boundaries are

(5)

a—PZOat)(ZO,LforaIIt>O (6)
ox
and the initial condition is P(x, t|xo, 0) = 8(x — x) at
time t = 0. It is easy to show that the solution of eq 5
under these conditions is given by

P(x, t|x, 0) =% 2 cos(k,x)cos(k x)e 2% (7)

n=—c

where k, = nm/L and n is an integer. Using this solu-
tion, it is quite straightforward?? to calculate the MSD,
(Ax?), as a function of time t. The result, after averaging
over the initial position Xy, is

e _

g % - ﬁ; #[cos(mn) — 1% %t (8)
It is clear from the above equation that (Ax?)/L? is a uni-
versal function of Dt/L? that saturates at 1/6 at long
times. A plot of this function in log—log scale is shown
in Figure 8 (solid line). The plot (open circles) also shows
the results of a simulation of a random walk inside a
tube closed at both ends. The numerical results agree
very well with the analytic prediction. The plot also
shows power laws with exponent 1 (normal diffusion)
and 1/2 (single-file diffusion) as straight lines in the

DY/’

Figure 8. Theoretical calculations using eq 8. The solid line
and open circles correspond to the analytical and numeri-
cal calculations, respectively. The power laws with expo-
nents of 1 and 1/2 are shown by dotted lines and dashed
lines, respectively.
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log—log scale. It is clear that the MSD increases lin-
early with time at very short times, but the effective ex-
ponent (slope of the curve in the log—log plot) that de-
scribes the time dependence of the MSD decreases
with time, becoming zero at long times. This plot also
shows that the width of the time interval over which the
effective exponent is close to 1/2 is rather small. Quan-
titatively, the time interval in which the effective expo-
nent changes from 0.55 to 0.45 corresponds to an in-
crease of t by a factor of 1.3. This is much smaller than
the width of the interval over which a power law with
an exponent close to 1/2 is observed in the experiment:
in both plots shown in Figure 7, the time t changes by
a factor of about 10. Thus, the observed behavior of the
MSD cannot be understood as normal diffusion in a
tube of finite length.

To examine the effects of a distribution of tube
lengths, we have averaged the result for (Ax%) over sev-
eral broad distributions of the length L and found that
the time dependence of the average MSD is very simi-
lar to that of the MSD in a tube of length equal to the
average of the distribution used in the calculation. Thus,
the conclusion of the analysis described above is not af-
fected by a distribution of the lengths of the nanotubes.

The behavior of the MSD in single-file diffusion in a
closed tube is also affected by the finite size of the tube.
It is, therefore, important to examine the conditions un-
der which the MSD of single-file diffusion in a closed
tube follows a power law in time with an exponent of
1/2. We have studied this question by performing simu-
lations of a simple model* of single-file diffusion in
tubes of finite length. In this model, a collection of hard-
core particles hops on a one-dimensional lattice. At
each step of the simulated process, a randomly chosen

EXPERIMENTAL SECTION

NMR measurements were performed using Bruker 400 MHz
AMX-400 and 500 MHz DRX-500 FT-NMR spectrometers. For
static measurements performed using the 400 MHz spectrom-
eter, the "H NMR spectra were acquired with a /2 pulse of
length of 4 ps. The total number of scans (NS) and receiver’s
gain (RG) varies in different temperature runs to optimize the
signal-to-noise ratio. Above the freezing temperature of bulk wa-
ter (273 K), NS = 32 and RG = 1, whereas below 273 K, NS =
512 and RG = 8192 were used to obtain the best quality NMR
signals. The temperature variation was achieved using a Bruker
temperature controller with a temperature stability better than
*+0.1 K.

SWNT bundles were prepared by the arc discharge method
followed by a purification process, involving acid washing and
high-temperature hydrogen treatment.*’ The nanotubes are
characterized by the thermogravimetric analysis, transmission
electron microscopy,*’ Raman spectroscopy,*' and near-infrared
spectroscopy.*! The average diameter of the nanotubes was
about 1.4 nm, with the length being a few micrometers (5—15
pm). One hundred micrograms of the SWNT sample was sus-
pended in 1.6 mL of double distilled water. The solution was son-
icated for 1 h at a power level of 3 W to get the homogeneous
dispersion of nanotubes, which was stable for more than 15 days.
This suspension of SWNTSs in a quartz tube was kept at the cen-
ter of the detection coil of the NMR spectrometer.
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particle attempts to hop to its nearest neighbor, either
to the left or to the right, with equal probability. An at-
tempted hop is accepted if the site to which the particle
attempts to hop is empty. This model is known*® to
lead to single-file diffusion at long times if the size of
the lattice is sufficiently large. We have simulated this
process on lattices of different size, using reflecting
boundary conditions at the two ends. An important pa-
rameter in this model is the average separation & be-
tween two neighboring particles, defined as & = L/n —
1, where n is the number of particles and L is the num-
ber of lattice sites. We find that the range of time (mea-
sured as the number of attempted hops per particle)
over which the MSD shows a power-law dependence
on time with an exponent close to 1/2 (i.e., behavior
characteristic of single-file diffusion) depends on the
value of &/L. For values of 8/L smaller than 0.01, this
range of time covers more than a decade. The average
spacing between neighboring water molecules in a
nanotube is expected to be much smaller than the typi-
cal length of a nanotube in the experimentally studied
sample. Therefore, our results imply that it is certainly
possible to observe a 1/t time dependence of the MSD
for single-file diffusion in finite tubes.

CONCLUSION

In conclusion, we have for the first time experimen-
tally measured the single-file diffusion of the confined
water molecules inside SWNTs. We have proposed that,
at temperatures below 273 K, 'H NMR signal arises
from the mobile water molecules inside the nano-
tubes. More NMR experiments are desirable on differ-
ent liquids in carbon nanotubes of different diameters
to understand the dynamics of liquids at the nanoscale.

For dynamic measurements of confined water inside the
SWNT, we have used the 500 MHz spectrometer. The diffusion
measurements were carried out using a BRUKER QNP probe with
the sample filled up to 1.5 cm in a 5 mm diameter standard
NMR tube. The pulse sequence used in our experiment is stimu-
lated echo pulsed field gradient (STEPFG) using bipolar
gradients.>**2 The basic mechanism of any PFG method is that
a magnetic field gradient is applied across the volume of the
sample by using a z-axis gradient coil. This field is in addition to
the constant By (2) field of the NMR magnet. Thus, the resultant
magnetic field varies along the z-direction as B(z) = B, + gz,
where g = (9B,/02)Z is the strength of the gradient field. The
nuclear spins subject to this gradient field will precess with an
angular frequency of w(z) = —vyB(z), where vy is the gyromagnetic
ratio, and consequently, the acquired phase will be ¢(z) =
—vB(2)3, where 3 is the duration of applied gradient field. Now,
if we apply a normal /2 rectangular radio frequency pulse then
the magnetization vector will be tilted in transverse direction
and precess with a linearly varying phase describing a regular he-
lix along the z-direction. In the absence of diffusion, this uni-
formly dephased magnetization can be almost (except the part
lost due to T, relaxation) fully recovered as an echo by applying
a m pulse after a time t. The 7 pulse reversed the phase, and the
helical magnetization is refocused to a planar ribbon. However,
diffusion of molecules randomizes the phase, which smears out
the magnetization helix resulting in reduced magnitude of the
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Figure 9. Standard stimulated echo pulse sequence incorporating bipolar
gradient used in the experiment.

recovered magnetization. The attenuation of the signal is higher
if the mean squared displacements ((Z(t))) of the molecules are
more. The relation between the PFG NMR attenuated signal, /, to
the MSD ({(Z2(t))) for an isotropic diffusion is described by eq 1,3
and thus, MSD ({(ZA(t))) can be measured by varying the gradient
field strength.

Figure 9 shows the pulse sequences for the STEPFG
method.® The advantage of the STEPFG method is, in the case
of slow diffusion, that the NMR signal will be attenuated more by
T, relaxation than by diffusion. In such cases, it will be advanta-
geous to flip the spins to the longitudinal direction, where the
slower T; relaxation process dominates, and let water molecules
diffuse while the magnetization is in the z-direction. Final mea-
surement is done by flipping back the spins to the transverse di-
rection and then applying the refocusing gradient and acquir-
ing the signal. The polarity of the gradient field is reversed to
diminish the eddy currents induced by the short gradient pulse.
A spoiler gradient in Figure 1 between the second and the third
/2 pulse was used to dephase the unwanted magnetization.
The proton /2 pulse was a duration of 9.5 s in our experiment.
The parameters, 8 (the duration of the gradient pulse) and A,
which is related to the diffusion time, were optimized to pro-
duce minimal attenuation of the signal for 5% of the gradient
strength and full attenuation for 95% of the gradient strength.
In our experiments, 16 values of gradient fields varying from g =
0to g = 0.33 Tm~" were used. The § value varied from 3 to 5
ms. The diffusion time, t, is related to A as t = (A — & /3); A is var-
ied from 10 to 200 ms. Typically, 128 scans per experiment were
used with a 5 s relaxation delay between scans. To reduce noise
at higher attenuation, a uniform line broadening of 20 Hz was
used. Low temperatures were maintained by using cooled nitro-
gen gas evaporated from the liquid nitrogen. Calibration of gra-
dient strength was carried out using a standard Bruker sample of
“doped water”, which is 1% H,0O in D,0 with 0.1 g/L GdCl; at 25
°C.
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