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Effects of confinement on the vibrational spectra of liquid water adsorbed in carbon nanotubes
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We report the results of a calculation of the vibrational and rotational spectra of water confined in carbon
nanotubes. Water has been modeled with a flexible version of the simple point charge model of Berendsen
et al., while the carbon nanotubes are taken to be soft potential walls interacting with water through a Lennard-
Jones-type potential. The comparison of the computed absorption line shapes with the corresponding ones of
liquid bulk water shows significant shifts in the positions of the spectral bands directly related to the tube radii.
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I. INTRODUCTION

Carbon nanotubes have recently received a lot of atten
because of their interesting properties in a variety
fields.1–5 In particular, it has been observed that single w
carbon nanotubes~SWCN! are quasi-one-dimensional stru
tures with unique absorption capabilities. On the other ha
even though water has been extensively studied, some o
properties still need to be completely understood.6 A signifi-
cant number of them are related to its behavior under c
finement. This is a very important issue, since water is tot
or partially constrained in many scientifically relevant situ
tions, such as in biological cells, in the surface of lipid me
branes and proteins, or in most of geological systems. V
recently, theoretical and experimental work has been don
water confined in silica pores7–9 but, to our knowledge, there
are no experimental data for narrower pores like those
can observe in some carbon nanotubes. The closest info
tion would be data obtained from far-infrared rotation
vibrational tunneling spectroscopy in water clusters,10 since
the width of the tubes could be comparable to the total wi
of the cluster. Structure and the hydrogen-bond network
water adsorbed in SWCN has been recently studied
means of molecular dynamics~MD! simulations,11 so in this
paper we will concern ourselves basically with dynami
properties.

II. COMPUTATIONAL DETAILS

We consider the role played by confinement on the sp
tra of liquid water adsorbed in carbon nanotubes. To obse
the influence of the radius of the tube on the studied prop
ties, we performed a series of MD simulations of liquid w
ter in different tubes, all of them at 298 K and for a wat
density of 1 g/cm3. Such a density is the value that we wis
to simulate, although we have observed in several sim
tions at fixed temperature and variable density~about 20%
up or down 1 g/cm3) that all properties remain qualitativel
unchanged. Water-water interactions were modeled wit
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flexible version12 of the simple point charge~SPC!
potential.13 This potential includes intramolecular intera
tions composed by harmonic and Morse-type terms an
able to reproduce the main trends of the experimental
quency bands associated with the infrared spectrum of b
water.14 Within this approximation, we can exactly repro
duce the positions of the band maxima for each of the sp
tral regions, since the fundamental frequency of a quan
oscillator is the same as that of a classical one. However
can get neither the heights nor the widths of the real sp
trum bands.

We considered four types of SWCN,~6,6!, ~8,8!, ~10,10!,
and ~12,12! in the standard nomenclature,15 which corre-
spond to cylindrical tubes of radii 4.10, 5.45, 6.80, a
8.15 Å, respectively~see Table I!. These are not the narrow
est tubes experimentally obtained: one can even get~5,5! and
narrower tubes.16,17 Water-tube interactions were describe
by a soft potential wall of the Lennard-Jones type.18 This is
an averaged potential; we do not consider each carbon in
tube, but the average interaction of all of them with the wa
molecules. In particular, there is no dependence of the in
action on thez position of the water, since the potential
averaged to depend only on the distance to the center o
tube. However, the particular form of this potential is n
important but the tube radius that defines the confinem
Thus, we obtained very similar results when we used a c
fining rigid cylinder. Carbon-oxygen and carbon-hydrogens
ande parameters have been obtained from Lorentz-Berth

TABLE I. Simulated systems. All simulations have been p
formed at 298 K and 1.00 g/cm3.

Simulation Tube radius (Å) Tube class
Number of

water molecules

1 4.10 ~6,6! 14
2 5.45 ~8,8! 56
3 6.80 ~10,10! 126
4 8.15 ~12,12! 224
©2001 The American Physical Society30-1
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mixing rules.19 The values we employed are:sOC53.28 Å,
sHC52.81 Å, eOC546.79 K, eHC515.52 K. The internal
radii of each SWCN obtained with this model are 1.31, 2.
4.00, and 5.33 Å. The length of all carbon nanotubes w
74.5 Å. All these geometrical characteristics are suitable
model liquid water inside SWCN since we have fixed t
liquid water density as one of our input values and obtain
the number of water molecules for each tube as an outpu
fix our MD initial configurations. It should be pointed ou
that experimental densities~when available! could be slightly
different from that one used in this work. On the other ha
the configurational energies of adsorbed water fluctu
around211 kcal/mol for all tube classes, whereas the va
for bulk water at ambient conditions is about
210 kcal/mol. This is an indication of the stability of th
MD simulations we report.

Standard periodic boundary conditions and the Ew
sum rule were used to compute long-ranged Coulom
forces. Our MD integration algorithm was a leapfrog Ver
form with coupling to a Berendsen thermostat.20 We applied
a time step of 0.5 fs. In addition, the translational and int
nal degrees of freedom were independently equilibrate21

We performed MD runs of length 0.5 ns to collect statisti
after equilibration periods of 0.1 ns.

III. SPECTRAL DENSITIES

The experimental infrared spectrum is usually measu
by means of the absorption coefficienta(v) or of the imagi-
nary part of the dielectric constant«9(v).22 These are quan
tum properties that can be approximately computed in a c
sical framework by making use of some hypotheses. T
significant object that has to be calculated is the absorp
line shapeI (v), related toa(v) and«9(v) in the following
way:14

a~v!5
4p2v

3\cnV
@12exp~2b\v!#I ~v!,

«9~v!5
nca~v!

v
, ~1!

wheren is the refractive index,V is the volume of the sys
tem, andI (v) can be calculated through the normalized h
drogen velocity autocorrelation functionCH(t) given by

CH~ t !5
^vW H~ t !•vW H~0!&

^vW H
2 ~0!&

. ~2!

The final form14 of I (v) is

I ~v!52p21Nq2v22E
0

`

dtCH~ t !cosvt, ~3!

whereN is the number of molecules of the system andq is
the hydrogen charge. Since the relevant quantity isI (v), we
will compute it in arbitrary units for each spectral region a
16543
,
s
o

d
to

,
te
e

d
ic
t

-

,

d

s-
e
n

-

compare the results with the bulk data. To calculate the F
rier transform, a Hanning window together with a Bode ru
were employed.23,24

IV. DISCUSSION

We displayed in Fig. 1 the hydrogen absorption line sha
~arbitrary units! in the stretching region for bulk water com
pared with the same function for confined water in carb
nanotubes. To our knowledge, no spectroscopic measure
infrared nor Raman spectra of liquid water in carbon na
tubes are available to compare. The most important fea
we observe is the presence of a frequency band betw
3640 and 3690 cm21 ~absent in the bulk spectrum!, which
we call ‘‘vibration.’’ The position of this new vibrationa
band shifts to lower values~referred to the bulk stretching
mode! when the tube radius increases. This new feature c
not be straightforwardly interpreted as an overtone of
ordinary vibrational bands~bending, stretching!.25 Further,
we observed the same feature in simulations of water ins
rigid cylinders as well as in deuterated and in tritium water26

In our opinion, the presence of the vibration band
purely an effect of confinement and can be explained by
splitting of the symmetric and antisymmetric components
the O-H stretching vibration together with the displacem
of that stretching frequency to gas phase values, which
in general, greater. In the absence of confinement, only
latter circumstance is produced and we have a unique p
not two, at larger wave numbers.27,28 This explanation for
our results can be backed up with the following data. Fi
the experimental values of the gas phase symmetric and
tisymmetric stretching frequencies are about 3656 a

FIG. 1. Comparison of the hydrogen absorption line shape~ar-
bitrary units! for bulk water and water confined in carbon nanotub
between 3000 and 4000 cm21.
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TABLE II. Frequency maxima and absolute values of frequency shifts for rotation, stretching and
tion referred to bulk water, for water confined in carbon nanotubes. Bulk water data are taken from R
The estimated statistical uncertainty is around 10 cm21 for all values.

Simulation vR (cm21) DvR (cm21) vS (cm21) vV (cm21) DvV (cm21)

1 400 91 3363 3707 325
2 420 71 3420 3662 280
3 448 43 3412 3657 275
4 472 19 3411 3641 259

Bulk 491 0 3382 - 0
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an and
3755 cm21, respectively,29 while in MD simulations of liq-
uid water these values are about 3400 and 3600 cm21, re-
spectively. Second, the hydrogen-bond network of wa
confined in SWCN is markedly weaker than that in bu
systems,11 so the number of non-H-bonded hydrogens in
former increases and a shift to gas phase values is produ
We can consider that our actual ‘‘stretching’’ frequency~Fig.
1 and Table II! would be the symmetric stretching comp
nent indeed, whereas what we call the ‘‘vibration’’ fre
quency would really be the antisymmetric component of
bulk stretching frequency. The rise of the antisymmet
stretch would be due to the 20% of water molecules form
only one or even zero H bonds.11

We also reported the absorption line shape in the dom
between 300 and 1000 cm21, which corresponds to rota
tional motions of the water molecule~Fig. 2!. Again a shift
to lower frequencies than those in the bulk is observed.
also observe the rise of an additional high-frequency p
around 650 cm21 in the case of the~6,6! tube, which could
be attributed to an optical mode transmitted along the wh
hydrogen-bond network, in a similar fashion to the optic

FIG. 2. Same as Fig. 1 for frequencies between 300
1000 cm21.
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mode found in bulk water around 685 cm21.14,30 It is re-
markable to note that in the middle-frequency range, wh
corresponds to the bending vibrations of water~Fig. 3!, the
shifts are basically of the same magnitude and they are in
pendent of the tube radius.

To our surprise, we observed that there was a direct r
tionship between the radii of the tubes and some of the sh
mentioned above. For instance, we found that

DvR5aR1bRr , ~4!

with aR5167.463.0 cm21 and bR5218.160.5 cm21/Å
for the rotational frequency band shift and

DvV5aV1bV /r ~5!

with aV519462 cm21 andbV552467 Å cm21 for the vi-
brational frequency band shift. In both cases, thex2 param-
eter per degree of freedom is less than 1. On the other h
the changes in the position of other bands are not so ea
related to the tube radii. This is the case of the stretch
frequencies~centered around 3380 cm21 in bulk water! and

d FIG. 3. Same as Figs. 1 and 2 for frequencies between 1500
1800 cm21.
0-3
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the bending ones~centered around 1660 cm21 in bulk wa-
ter!, which are slightly displaced to lower values with respe
to the bulk~see Table II!. Nevertheless, both Eqs.~4! and~5!
would allow us, in principle, to obtain the radius of a nan
tube by measuring the spectrum of confined water inside

The low-frequency domain of 0 –300 cm21 was analyzed
from two complementary calculations shown in Fig. 4. W
employed the low-frequency range of the absorption l
shape and the spectral densitySO(v), computed as the Fou
rier transform of the oxygen velocity autocorrelation fun
tion. This spectral density cannot be related to any obs
able quantity but it is the basic quantity employed in m
MD simulations to study hindered translations and interm
lecular vibrations.31 These kind of motions have been th
subject of debate for a long time. Walrafen32 argued that the
two relevant features appearing in the low-frequency sp
trum of liquid bulk water are concerned with local effec
associated with the hydrogen-bond network: the stretchin
hydrogen bonds~high-frequency band around 200 cm21)
and the bending of hydrogen-bonded O-O-O units~low-

FIG. 4. Same as Figs. 1, 2, and 3 for frequencies between 0
300 cm21 ~top!. Comparison of the spectral densities of the oxyg
velocity autocorrelation functions for bulk water and water confin
in carbon nanotubes~bottom!.
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frequency band around 50 cm21). The scientific community
has widely agreed about the 200 cm21 band, whereas there
is no general agreement about the 50 cm21 peak.27,33,34The
alternative to the standard interpretation is to consider
low-frequency band as the result of the cage effect of
neighboring water molecules.27

We found significant differences between the position
both frequency bands in bulk water and in confined liquid
the narrow~6,6! and ~8,8! tubes. In the case of the broad
~10,10! and ~12,12! tubes, differences with bulk are ver
small. In the~6,6! tube, we observe that the low-frequenc
peak was displaced to 30 cm21. Thus, we should note tha
O-O-O units are difficult to produce in this linear enviro
ment. In addition, the high-frequency band appears very
tense in the absorption line shape of the~6,6! tube, around
170 cm21. The spectral densitySO(v) reveals the same be
havior of the low-frequency band but the 170 cm21 band
virtually disappears. Instead, it shows up as a second h
frequency band centered around 260 cm21, which appears to
be much less intense in the absorption line shape. These
peaks could be attributed to the collective vibrations of
basically linear hydrogen-bond network.11 When the nano-
tube radius increases, this network becomes more and m
three-dimensional, as in bulk water, and the spectra tra
forms accordingly. However, we can still see some effects
the ~8,8! tube, in which there is a redshift of the high
frequency peak directly related to the tube radius. On
other hand, in this tube, the low-frequency band does
show significant differences with bulk water.

V. CONCLUSIONS

We have performed a series of molecular dynamics sim
lations of liquid water adsorbed in carbon nanotubes at a
bient conditions. Our results allow us to observe a new hi
frequency vibration peak around 3650 cm21 in the mid-
infrared spectrum of liquid water confined in carbo
nanotubes. That frequency can be attributed to the split
of the symmetric and antisymmetric components of
stretching vibration of liquid water. Second, we have o
served frequency shifts of two spectral bands that can
directly related to the tube radii. These spectroscopic d
placements could be the basis of an experimental proce
for characterizing carbon nanotubes. We hope that the
perimental measure of the Raman and the infrared spec
of confined water in carbon nanotubes could confirm th
findings.
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