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onfinement leads to dramatic

changes in the structure and dy-

namics of water.! At the structural
level, confinement may lead to new types of
molecular order that are not present in the
bulk. Confinement of water molecules in a
space of a few molecular diameters in ex-
tent, such as narrow carbon nanotubes,
leads to solidlike ordering®™ even at room
temperature. Water near surfaces also tends
to order in layers, as has been probed by
X-ray diffraction.® Several experimental and
simulation studies have demonstrated that
the dynamic behavior of confined water
molecules is markedly different from that
of water molecules in the bulk. As seen in a
variety of systems such as reverse
micelles,”™"" water—Ilipid bilayers,’> major
and minor grooves of DNA,"*™'> and sur-
faces of proteins,'® the dynamics of water
molecules is severely affected by confine-
ment or by the presence of interfaces. This
generally results in a slowing down of the
dynamics of both translational and orienta-
tional degrees of freedom. This general be-
havior is also true for the orientational dy-
namics of fluids like carbon disulfide’” and
methyl iodide,"® confined inside nano-
porous glasses, which have been studied
by using optical Kerr effect (OKE) spectros-
copy. An ideal system to study such con-
finement effects is water inside nanotubes
and nanorings. Recent molecular dynamics
(MD) simulations have revealed that water
molecules spontaneously fill narrow hydro-
phobic cavities such as carbon nano-
tubes®™*'972* The nanotube remains com-
pletely filled with water molecules through-
out the duration of the simulations, the
molecules exhibiting strongly correlated
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ABSTRACT Molecular dynamics simulations of the orientational dynamics of water molecules confined in

narrow carbon nanotubes and nanorings reveal that confinement leads to strong anisotropy in the orientational

relaxation. The relaxation of the aligned dipole moments, occurring on a time scale of nanoseconds, is 3 orders of

magnitude slower than that of bulk water. In contrast, the relaxation of the vector joining the two hydrogens is

ten times faster compared to bulk, with a time scale of about 150 fs. The slow dipolar relaxation is mediated by the

hopping of orientational defects, which are nucleated by the water molecules outside the tube, across the linear

water chain.
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motion along the axis of the tube. The chain
of water molecules remains intact because
the energy'® (7 kCal/mol ~10kgT) of a hy-
drogen bond between neighboring water
molecules is much larger than the thermal
energy.

In this work, we use MD simulations to
study the reorientational dynamics of wa-
ter molecules inside narrow (6,6) carbon
nanotubes and nanorings. In the nanotube
simulations, open-ended nanotubes of sev-
eral different lengths are held fixed in a bath
of water. Water molecules confined in iso-
lated, closed carbon nanorings are also
studied in order to eliminate and under-
stand the effects of the exchange of water
molecules inside open-ended nanotubes
with those in the bulk. The diameter of the A on -

biswa@physics.iisc.ernet.in,
tube/ring used in the simulations is 8 A, maiti@physics.iisc.ernet.in,
which allows only a single file of water mol-  cdgupta@physics.iisc.ernet.in,
ecules inside the tube/ring. In our previous ~ 25°0d@physicsiisc.ernet.n.
work,* concerning the nature of diffusion of  Rreceived for review March 24, 2008
water molecules inside open-ended nano- and accepted May 20, 2008.
tubes, we have shown that the water mol-
ecules diffuse slowly inside the nanotube,
the diffusion coefficients being roughly half
of that of bulk water. In this work we dem-
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onstrate that the same confinement leads to a very
strong anisotropy in the reorientational dynamics,
manifested in a dramatic enhancement of the dynam-
ics of some orientational degrees of freedom, while the
dynamics of other orientational degrees of freedom
are slowed down due to confinement. In particular, the
orientational relaxation time of the average dipole mo-
ment of a water molecule inside the nanotube is found
to be about 3 orders of magnitude longer than that of
a water molecule in the bulk. It is observed that this re-
laxation occurs due to the diffusion of hydrogen bond-
ing defects across the single file water chain. This relax-
ation time increases with the length of the nanotube
because our calculations show that the local electric
field at a point on the axis of the tube and just outside
it grows with the length of the tube. We believe that the
operative mechanism for the nucleation of these de-
fects requires a water molecule just outside the tube
to be oriented in a direction opposite to the local elec-
tric field at that point and this possibility becomes rarer
as the length of the nanotube increases. In contrast,
the time scale of relaxation of the vector that joins the
two hydrogens in a molecule inside the nanotube is
about ten times faster than the corresponding time
scale for bulk water. This is the first study which points
out that strong confinement can lead to a faster relax-
ation due to rearrangement of hydrogen bond network.
The same reorientational behavior is also found in our
simulations of water molecules inside isolated, closed
carbon nanorings. The anisotropy in the reorientational
dynamics of water molecules in nanorings is stronger
than that of water molecules in open-ended nanotubes
because interactions with the bulk through the open
ends of a nanotube are not present in nanorings. The
speeding up of the orientational relaxation of the vec-
tor that joins the two hydrogens in a confined molecule
leads to a strong enhancement of the average rota-
tional diffusion constant (as discussed below, the inter-
pretation of the values of this diffusion constant needs
some care). This dramatic effect of confinement is con-
trary to conventional wisdom according to which
strong confinement should produce a slowing down
of the dynamics.

The rest of the paper is arranged in the following
way. In the next section we describe in detail our re-
sults for the reorientational dynamics of the confined
water molecules followed by a section where we con-
clude and a final section which gives the details of the
simulations.

RESULTS AND DISCUSSION

Reorientational Dynamics of Confined Water. The water
molecules are tightly packed inside a nanotube due to
hydrogen bonding, with the average density almost
four times that of bulk water.'® The dipole moments of
all the confined water molecules are almost always
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aligned, pointing either “up” (along +z direction, see
Figure 1a) or “down” (along -z direction). Their orienta-
tion changes by cooperative “flips” that take them from
one of these state to the other. Inside the nanoring
the water molecules tend to form clusters as shown in
Figure 1b. The number of clusters depends on the aver-
age density of water molecules inside the nanoring. At
a low filling fraction of 0.054, there is a single unipolar
cluster. The water molecules within the cluster are all
strongly hydrogen bonded with their dipole moments
aligned. Simulations at intermediate filling fractions (be-
tween 0.1 and 0.5), starting from an initial state in which
the water molecules are uniformly spaced inside the
nanoring, show the formation of a long-lived state with
two oppositely polarized clusters which repel each
other because of electrostatic forces and therefore tend
to stay at diametrically opposite sides in the ring (see
Figure 1b). The lifetime of this two-cluster state de-
pends on the filling fraction. For example, for a filling
fraction of 0.43, this state exists for about 80 ns. After
this time, the water molecules gradually break off from
the smaller cluster and join the larger one, forming a
single polarized cluster after 90 ns. Simulations for an-
other 50 ns after this time show that the single cluster
does not break up. At very high filling fractions of 0.9
and above, a single unipolar cluster is formed. Figure 2
shows the time-dependence of the axial component of
the average dipole moment M,(t) of the confined wa-
ter molecules, defined by

N(t)

-1 .
MO=1a z pH+n 0

=1

where p,(t) is unit vector along the dipole moment of
the ith water molecule at time ¢, n is the unit vector in
the z-direction along the axis of the tube, and N(t) is the
number of water molecules inside the nanotube at
time t. Figure 2 panels a and b show data for water con-
fined inside 14 and 28 A long nanotubes, respectively.
The average number of confined water molecules is 5
and 10 inside the 14 and 28 A nanotubes, respectively.
The net dipole moment of the chain of water molecules
makes collective flips between the “up” and “down”
states. The mean time interval between successive flips
increases with the length of the tube. The red curve in
Figure 2b shows the time-dependence of the axial com-
ponent of the average dipole moment of the water
molecules in bulk water outside the nanotube. This
clearly shows that confinement leads to ordering of
the dipole moments of the water molecules. Figure 2c
shows the axis projected net dipole moment of the wa-
ter molecules inside the nanoring at a filling fraction of
0.054 (10 water molecules, single polarized cluster). The
dipolar flips are much more infrequent in this case, as
compared to the water molecules inside the 28 A open-
ended nanotube. This is because the bath of water mol-
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Figure 1. Snapshots of water molecules inside the 14 A nanotube (a) and the nano-

ring at a filling fraction of 0.21 (40 molecules) (b). Both figures show the clustering of

the water molecules due to strong hydrogen bonding. All the dipoles of the water
molecules in a cluster are aligned. The coordinate axes mentioned in the text are

to the surrounding water mol-
ecules. This observation is in
agreement with ref 28. A cartoon
of a particular orientational defect
configuration, observed in our
simulations is shown in Figure 3a.
This is a D defect, which has en-
tered from the positive extreme
of the nanotube, when the polar-
ization of the confined water mol-
ecules was positive. The water
molecule at the location of the
defect has its dipole pointing per-
pendicular to the axis of the tube
and the water molecules on its ei-
ther side are oppositely polar-
ized. These defects enter from
one end and can either hop

also marked.

ecules outside the nanotube, which initiates the flips
via interactions through the open ends of the nano-
tube, is absent in the case of the nanoring.

The polarization flips in the open tubes are medi-

ated by the introduction of orientational defects in the
water chain. The orientational defects are of two types,

the D and L defects.?>?° These defect configurations
leave the number of hydrogen bonds unchanged
compared to the defect-free chain but they provide
barriers to the conduction of protons through single
file water clusters.?” Earlier simulations of single file
water chains inside gramicidin channels also exhibit
similar orientational defects.?” The D defects in
such situations are stabilized by the presence of
charges on the inner walls of the gramicidin chan-
nel, but in the present situation the defects are
short-lived because the surface of the carbon nano-
tube is charge free. The D defect has dipoles of the
neighboring water molecules pointing into the de-
fect, whereas the L defect has the dipoles of the
neighboring water molecules pointing away. The
possible mechanisms by which the defect enters
the single file water chain of our simulation are the
following. If the polarization of the confined water
molecules is positive (the end corresponding to the
tip of the polarization vector is referred to as the
positive extreme, while the end corresponding to
its tail is referred to as the negative extreme) and
the defect enters from the positive extreme of the
nanotube then it should be a D defect. On the other
hand, when the polarization is positive and the de-
fect enters from the negative extreme of the nano-
tube, it should be a L defect. However, the analysis
of our simulation data shows that all the orienta-
tional flips occurs via the mediation of D defects,
which enter the tube from the end at which the
confined water molecules donate hydrogen bonds
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across the whole chain and exit

from the other end or can exit
from the end through which they entered. Only when
they are able to hop across the whole chain does the
polarization of the chain flip. The mean time between
successive nucleations of defects is quite long (~ sev-
eral nanoseconds) and depends on the length of the
nanotube, whereas the time taken by the defect to dif-
fuse across the water chain is quite short (~ several pi-
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Figure 2. Panels a and b show the average dipole moment of the water molecules
confined inside the 14 and 28 A and nanotubes, respectively. The 14 and 28 A
tubes accommodate 5 and 10 water molecules on an average. The dipole mo-
ments of the water molecules inside the nanotube are mostly aligned in either
“up” or “down” states, with cooperative flips between these two states. The flips
become rarer as the length of the water chain increases. The red curve in panel b
shows the axial component of the average dipole moment of the water molecules
in the bulk, where there is no orientational order. Panel ¢ shows the axial polariza-
tion of the system at a filling fraction of 0.054 (10 water molecules, single polar-
ized cluster) inside the nanoring. Since the system of water molecules inside the
nanoring is isolated the polarization flips are much rarer compared to the water
molecules inside the open 28 A tube, which accommodates 10 water molecules on
the average.
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Figure 3. Panel a shows an orientational D defect in the water chain.
The location of the defect is marked by an arrow. The transition be-
tween the “up” and “down” states in the open tube is mediated by
the hopping of these orientational defects through the single file wa-
ter chain, which are introduced in the water chain by the bulk water
outside. These defects are introduced rarely, on a time scale (ca. sev-
eral nanoseconds) which again depends on the length of the tube,
but they diffuse through the water chain quickly (ca. several picosec-
onds). The dipole moments of the water molecules are marked by ar-
rows and the hydrogen bonds between neighboring water mol-
ecules are marked by dashed lines. Panel b shows the M,(t) versus t
for the water molecules inside the nanotube with 8 unit cells (18.6 A)
during an interval of 10 ns. Four successful and four unsuccessful at-
tempts to flip the polarizations of the confined water chain take place
during this interval.

coseconds). An approximate estimate of the speed at
which the defects are nucleated into the polarized
chain of the confined water molecules was done in the
following way. We analyzed the M,(t) versus t data
for a 100 ns long trajectory for two tube lengths,
one with 8 unit cells (18.6 A length) and the other
with 18 unit cells (40.4 A length). For both these
data sets the number of successful and unsuccess-
ful attempts to flip the net dipole moment were
measured from the temporal variation of the aver-
age dipole moment, M_(t). Figure 3b shows the
temporal variation of M_(t) for the water molecules
confined inside a nanotube of length 18.6 A dur-
ing an interval of 10 ns. The criterion that we have
used for characterizing an unsuccessful jump is
the following: If the absolute value of M.(t) be-
comes less than 0.5 (this choice is ad hoc) and then
M_(t) goes back to its initial extreme value of £0.85
we say that there has been an unsuccessful at-
tempt to flip. For the nanotube with 8 unit cells
(18.6 A length) we record 61 unsuccessful and 31
successful flip attempts in a 100 ns long trajectory.

P(®)

a preliminary calculation of the local electric field ow-
ing to the confined water chain at a point on the axis of
the nanotube, just outside it. The strength of this elec-
tric field increases with the length of the tube. For a de-
fect to nucleate at the end of a nanotube, the water
molecule in the immediate vicinity should have an ori-
entation for which its dipole moment points in a direc-
tion opposite to the local electric field induced by the
confined water molecules (the electric field induced by
the outer water molecules is expected to cancel be-
cause of symmetry). This is energetically costly and the
energy cost is 2pE, where p is the dipole moment of a
water molecule and E is the local electric field. By esti-
mating the electric field due to the confined water mol-
ecules only, this energy cost is ~4.6k,T for the 14 A
tube and ~10kgT for the 56 A tube. This provides a
qualitative understanding of the observed increase in
the mean time between successive defect nucleation
with increasing tube length.

In addition to the temporal evolution of the aver-
age dipole moment, the ordering of the dipole mo-
ments of the confined water molecules is also evident
from plots of the time-averaged distribution of the
angle 6 between the dipole moment and the axis of
the tube. The axis is unique for the straight tube,
whereas it depends on the location of the water mol-
ecule in the ring. In the case of the nanoring, the local
axis has been defined as the tangent to the ring at the
location of a water molecule (see Figure 1b). The inset
of Figure 4 defines the angle 6. Figure 4 shows the dis-
tribution function P(0) for the water molecules inside
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Figure 4. The time averaged distribution of the angle that the di-
pole moment of a water molecule makes with the local axis. Inset
shows the angle 0, between the dipole moment vector p; and
the axis of the tube n. The distributions are shown for water mol-
ecules inside the nanoring at a filling fraction of 0.43, when there
is a single polarized cluster (filled circles) and when there are two
clusters (red, dashed line), for a single water molecule inside the
nanoring (open circles) and for water molecules inside an open
nanotube of length 14 A, with averaging over a 50 ns trajectory
(blue line).

For the nanotube with 18 unit cells (40.4 A length)
we record 28 unsuccessful and 9 successful at-
tempts in the 100 ns long trajectory. These results
show that it becomes progressively harder to intro-
duce defects as one goes to longer tubes.

The length dependence of the time between
nucleations of the defects can be understood from
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the ring at a filling fraction of 0.43 when two oppo-
sitely polarized clusters are present (red, dashed line)
and when the two clusters have merged into a single
unipolar cluster (filled circles). On changing the initial
conditions (the initial polarization), the details of which
are given in Supporting Information, it is equally likely
for this curve P(6) to peak at an angle, which is a
complement of its present peak angle. The distribution
P(6) for a single water molecule inside the nanoring is
shown by open circles and P(6) for water molecules in-
side the 14 A open-ended tube is shown by the blue full
line. It can be seen that the distribution function for
the single molecule is much more isotropic than that
for the molecules in the larger cluster, as the single mol-
ecule does not have any other water molecule with
which to form hydrogen bonds. The distribution func-
tion for water molecules inside the 14 A open-ended
nanotube, obtained by averaging over a simulation
time of 50 ns, is bimodal, with peak positions at 25°
and 150°. These plots show that the dipole moment
vectors are mostly either parallel or antiparallel to the
local tangent vector at the location of the water mol-
ecule in the case of the nanoring and to the axis of the
tube in the case of straight nanotubes. Similar P(0) was
also found for water molecules inside open carbon
nanotubes.?®

Single particle reorientational motion of the water
molecules can be analyzed by calculating the correla-
tion function

N
< z Ple%® - eM0]>
iy =——" 2)

N
< Z Plef0 - el0)]>

=1

where P, is the Legendre polynomial of rank / and e{* is
one of unit vectors used to specify the orientation of the
ith water molecule. Typically the vector e* is chosen to
be along the line joining the hydrogen atoms, or along
the net dipole moment of the water molecule or in a di-
rection perpendicular to the HOH plane. In our calcula-
tions, we have taken e* either along the dipole moment
of the water molecule or along the line joining the
two hydrogens and we take the rank of the Legendre
polynomial to be one (/ = 1). At long times the func-
tions C5(t) decay exponentially. The inset in Figure 5a
shows the orientational correlation function of the di-
pole moment of bulk TIP3P water molecules. The time
scale of the long-time exponential decay of the dipolar
orientational correlation functions is about 2.5 ps,
which is close to values in ref 31. In contrast the dipo-
lar orientational relaxation time-scale of the water mol-
ecules confined inside the nanotube or the nanoring is
much longer. Figure 5a shows the orientational correla-
tion of the dipole moment of water molecules confined
inside the nanoring at a filling fraction of 0.43, after
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Figure 5. Panel a shows the reorientational correlation function of various
groups of water molecules confined inside the ring, where the filling frac-
tion is 0.43 and the molecules have formed a single unipolar cluster. The
long-time decay of the orientational correlation function, which is sup-
posed to be exponential is very slow for the water molecules within the
cluster (denoted by diamond). The water molecules at the ends of the clus-
ters (squares) relax faster than the central molecules. Bulk water mol-
ecules (inset) relax on time scales which are orders of magnitude faster.
Panel b shows the time correlation function, <M,(0)M,(t)> for the con-
fined water molecules inside the 14 (circles) and the 28 A (triangles) tubes.
The correlation functions have been fitted to an exponential yielding relax-
ations times of 1.3 and 2.9 ns for the 14 and the 28 A nanotubes, respec-
tively. The inset shows the scaling of the correlation time with the length
of the nanotube.

the two clusters have merged to form a single unipo-
lar giant cluster. The correlation function for the mol-
ecules within the cluster is shown by the diamond sym-
bols, and the result for molecules at the ends of the
cluster is shown by the square symbols. We see that
for the water molecules in the middle of the cluster, the
long-time relaxation of the reorientational correlations
is very slow: in fact it does not decay at all within the
time scale of the simulation. This is because each wa-
ter molecule inside a cluster is hydrogen bonded to two
of its nearest neighbors, constraining the orientational
dynamics. The molecules at the ends of the clusters
have less constraints and hence can relax faster com-
pared to those inside the cluster. The water molecules
at the end of the cluster have a relaxation time of 4.4 ns.
For the water molecules inside the open nanotube,
where there is a constant exchange of molecules with
the outside bath, the analogous quantity to calculate is
the time-correlation of the quantity M,(t) defined in eq
1. Figure 5b shows the time correlation function,
<M_(0)M,(t)> (the angular brackets indicate an aver-
age over time-origins) for the confined water molecules
inside the 14 (circles) and the 28 A (triangles) tubes.
The correlation functions have been fitted to an expo-
nential decay, yielding relaxation times of 1.3 and 2.9 ns
for the 14 and 28 A nanotubes, respectively. Compar-
ing Figure 5 panels a and b, it can be seen that the wa-
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Figure 6. Anisotropy of the reorientational relaxation of dipole, OH
and HH vectors. Such anisotropy is also present in bulk water, but is
very mild. Under confinement in a cylindrical geometry it is dramati-
cally magnified. The dipoles in the confined water (dashed line) relax
extremely slowly on timescales of nanoseconds. The HH vectors of the
molecules inside open nanotubes of length 56 A (triangles) and in-
side rings (circles) (filling fraction is 0.43 and the molecules have
formed a single unipolar cluster) relax very fast on timescales of a
few hundreds of femtoseconds. The OH vector of the molecules in-
side the nanotube shows an intermediate behavior with relaxation
time of about 30 ps.

ter molecules inside the nanoring relax more slowly
compared to those inside the open nanotubes. This is
because the constant interaction with the bath makes
the reorientational relaxation of the dipoles of the wa-
ter molecules inside the nanotubes faster compared to
that inside the nanoring. For the water molecules in the
open-ended nanotube, the relaxation time mentioned
above is the average lifetime of the giant dipole in the
“up” or “down” state. As discussed earlier, the details of
the orientational rearrangements of the confined wa-
ter molecules reveal that a flip between the “up” and
“down” states occurs by the nucleation of a defect at
one end of the chain, which then propagates through
the chain to the other end to complete the flip. The in-
set of Figure 5b shows that the average lifetime in the
“up” or “down” state scales linearly with the length of
the nanotube, which is in agreement with ref 30.

We have also calculated the reorientational correla-
tion function of the vector joining the two hydrogen at-
oms in a water molecule. This correlation function char-
acterizes the rotational dynamics of a water molecule
about its dipole moment vector. Interestingly, we ob-
serve that this rotational motion is dramatically en-
hanced as a result of confinement, both in open tubes
and in nanorings. The reorientational correlation func-
tions of the HH vector for the water molecules confined
inside an open nanotube of 56 A length (24 unit cells,
576 atoms) (triangles) and closed rings (circles) (filling
fraction is 0.43 and the molecules have formed a single
unipolar cluster) are shown in Figure 6. The short-time
and long-time relaxation times are 117 and 137 fs for
water inside the nanoring and 160 and 201 fs for open
nanotubes. In bulk water it is known that the reorienta-
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tional correlation function of the HH vector decays
much more slowly with a time-constant of 2 ps.3'33
The fast HH relaxation of confined water is due to the
fact that the hydrogen that does not participate in the
hydrogen bonding with the next molecule in the chain
is free to rotate without disrupting the hydrogen bond
network, whereas in the bulk, each water molecule is
tetrahedrally coordinated and hence has limited rota-
tional freedom. In addition to the rotation of the water
molecule about the dipolar axis, with one of the hydro-
gens participating in hydrogen bonding and the other
free to rotate, there is yet another interesting mode in
the motion of these hydrogen atoms. The bound hydro-
gen (i.e., the one participating in the hydrogen bond
with a neighboring water molecule) and the free hydro-
gen can exchange their positions. Such exchanges
lead to large-amplitude angular jumps that are typi-
cally separated by a time interval of about 100 fs. Simi-
lar large jumps have been reported recently>? for water
molecules in the bulk. Our observations demonstrate
the occurrence of similar jump phenomena for confined
water molecules also. These jump processes are respon-
sible for the occurrence of the “plateau” near t = 0.15
ps in the plots in Figure 6. The details of these interest-
ing microscopic processes and their manifestation in
various temporal relaxations will be discussed in a sepa-
rate paper.

The results described above show that cylindrically
symmetric confinement causes the dipolar relaxation
of a water molecule to slow down and the relaxation of
the HH vector to speed up, thereby making the orienta-
tional relaxation strongly anisotropic. To demonstrate
this anisotropy very clearly, we have plotted the orien-
tational correlation functions of the dipole vector, the
OH vector, and the HH vector of the confined water
molecules in Figure 6. In bulk water the amount of this
anisotropy is small and the relaxation times for all the
three orientational correlation functions are very close
to one another,®'*3 with the dipole, OH, and HH vec-
tors relaxing with timescales of 2.5, 2.3 and 2 ps, respec-
tively (these relaxation plots are given in the Figure S1
of Supporting Information). The time scales of these re-
laxations change dramatically for the confined water
with the dipole relaxing extremely slowly with a time
scale of several nanoseconds, whereas the HH vector re-
laxes very fast with a time scale of about a few hun-
dreds of femtoseconds. The relaxation of the OH vec-
tor orientation shows intermediate behavior with a
relaxation time of about 30 ps. The large separation be-
tween the relaxation times of these three vectors illus-
trates a strong anisotropy in the orientational dynamics
of the confined water molecules.

The fast rotation of the confined water molecules
about the dipole axis is reflected in their average rota-
tional diffusion constant. We have computed the rota-
tional diffusion constant of water molecules from the
time integral of the moment of inertia weighted angu-
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lar velocity autocorrelation function.®* The average ro-
tational diffusion constant for the confined water is Dy
= 14.5 X 10" s~ " and that of bulk TIP3P water is Dy =
1.74 X 10" s, (details in Supporting Information)
showing an order of magnitude enhancement in the ro-
tational diffusion constant for the strongly confined wa-
ter molecules. The values of these diffusion constants
should be interpreted with some caution: the reorienta-
tional relaxation of the confined water molecules is
probably nondiffusive, as they involve large amplitude
angular jumps. Hence, the result that the calculated av-
erage rotational diffusion constant of the confined wa-
ter molecules is substantially larger than that in the bulk
should be interpreted to convey only the information
that the relaxation of certain rotational degrees of free-
dom (specifically, the rotational motion about the di-
pole moment vector) is much faster for the confined
water molecules than that in the bulk.

CONCLUSION

In summary, our large-scale simulations of the orien-
tational dynamics of water molecules inside open-
ended narrow carbon nanotubes immersed in a bath
of water and in isolated closed nanorings show that the
confined water molecules form large chain-like clus-
ters in which the dipole moments of the molecules are
aligned. Orientational flips of this “giant” dipole occur at
intervals of a few nanoseconds, which is very slow com-

SIMULATION DETAILS

Open-ended (6,6) carbon nanotubes of various lengths were
placed in a bath of TIP3P* water molecules at 300 K and 1 atmo-
sphere pressure. The simulations were performed using AMBER
7.36 During the simulation the nanotubes were held fixed inside
the simulation box, with its long axis along the z-direction (see
Figure 1a). Simulations were performed for nanotubes of size 6
(144 atoms, 14 A length), 8 (192 atoms, 18.6 A), 12 (288 atoms, 28
R), 18 (432 atoms, 40.4 A) and 24 (576 atoms, 56 A) unit cells.
The simulation box contained about 1000 to 2200 water mol-
ecules depending on the size of the nanotube used. The interac-
tions between various atoms were described by classical force
fields; the carbon and oxygen atoms were modeled as Lennard-
Jones particles with parameter values given in our earlier paper.*
The carbon—carbon bond length was 1.4 A and the correspond-
ing spring constant was 938 kcal/(mol A?); the equilibrium
C—C—Cangle was 2m/3 radians and the corresponding spring
constant was 126 kcal/(mol rad?). The carbon nanoring, prepared
by folding a (6,6) nanotube with 4880 carbon atoms (200 unit
cells), was filled with TIP3P3> water molecules at various filling
fractions between 0.027 (5 water molecules) and 0.95 (179 wa-
ter molecules). The radius of the nanoring is 78 A. The nanotubes
and nanorings were held fixed in a stiff harmonic external poten-
tial during the simulation. Fixing of the nanotubes is not neces-
sary, it just makes the calculations simpler as one does not have
to keep track of the motion of the nanotube in studying the dy-
namics of the confined water molecules.

The H—C dispersive interaction is neglected in the TIP3P
model of water used in this work. In our view inclusion of such in-
teractions will have negligible effects on our observations. The
typical carbon—oxygen LJ energy scale is about 0.19 kgT (T is
taken as 300 K), whereas the carbon—hydrogen LJ energy scale
is 0.07 kgT, which is less than half of the carbon—oxygen interac-
tion. Further, these energy scales are much smaller than the hy-
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pared to the dipolar relaxation time of bulk water (2.5
ps) and these flips occur by the diffusion of hydrogen
bonding defects (D and L) across the water chain. The
time between nucleation of these defects, just outside
the nanotube, and the relaxation time of the average di-
pole moment of the confined water molecules grows
as the length of the nanotube increases. The reorienta-
tional relaxation of the dipoles is even slower for the
isolated water molecules inside the nanoring because
the bulk water molecules, which initiated these flips in
the water cluster confined inside the open-ended nano-
tubes, are not present in this case. Confinement also
leads to a very strong anisotropy in the orientational re-
laxation. While the dipoles reorient very slowly, the re-
orientation of a confined water molecule about its di-
pole moment is much faster than that in the bulk. The
effect of this accelarated rotation, is also manifested in
an order of magnitude increase in the average rota-
tional diffusion constant as compared to that for water
molecules in the bulk. This is a rare example of confine-
ment leading to an enhancement of orientational relax-
ation: most existing studies of the dynamics of water
molecules in confined environments predict a slowing
down of the dynamics (“immobilization”). We hope that
our results will motivate new experimental investiga-
tions of the orientational dynamics of water molecules
in narrow carbon nanotubes and perhaps also in
nanorings.

drogen bond energy (~10 kgT), which is the key interaction re-
sponsible for all these interesting effects. The rest of the details
of the simulations is given in Supporting Information.
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