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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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. INTRODUCTION flexible versio? of the simple point charge(SPQ
potential™® This potential includes intramolecular interac-
Carbon nanotubes have recently received a lot of attentiotions composed by harmonic and Morse-type terms and is
because of their interesting properties in a variety ofable to reproduce the main trends of the experimental fre-
fields1~® In particular, it has been observed that single wallquency bands associated with the infrared spectrum of bulk
carbon nanotube€&SWCN) are quasi-one-dimensional struc- water** Within this approximation, we can exactly repro-
tures with unique absorption capabilities. On the other handjuce the positions of the band maxima for each of the spec-
even though water has been extensively studied, some of itgal regions, since the fundamental frequency of a quantum
properties still need to be completely understbddsignifi-  oscillator is the same as that of a classical one. However, we
cant number of them are related to its behavior under conean get neither the heights nor the widths of the real spec-
finement. This is a very important issue, since water is totallytrum bands.
or partially constrained in many scientifically relevant situa- We considered four types of SWCK§,6), (8,8), (10,10,
tions, such as in biological cells, in the surface of lipid mem-and (12,12 in the standard nomenclatufewhich corre-
branes and proteins, or in most of geological systems. Vergpond to cylindrical tubes of radii 4.10, 5.45, 6.80, and
recently, theoretical and experimental work has been done i.15 A, respectivelysee Table)l These are not the narrow-
water confined in silica porés’ but, to our knowledge, there est tubes experimentally obtained: one can everigBtand
are no experimental data for narrower pores like those waarrower tubes®!’ Water-tube interactions were described
can observe in some carbon nanotubes. The closest informhy a soft potential wall of the Lennard-Jones typ&his is
tion would be data obtained from far-infrared rotational-an averaged potential; we do not consider each carbon in the
vibrational tunneling spectroscopy in water clustérsince  tube, but the average interaction of all of them with the water
the width of the tubes could be comparable to the total widttmolecules. In particular, there is no dependence of the inter-
of the cluster. Structure and the hydrogen-bond network ofction on thez position of the water, since the potential is
water adsorbed in SWCN has been recently studied bwveraged to depend only on the distance to the center of the
means of molecular dynami¢dID) simulations:* so in this  tube. However, the particular form of this potential is not
paper we will concern ourselves basically with dynamicalimportant but the tube radius that defines the confinement.
properties. Thus, we obtained very similar results when we used a con-
fining rigid cylinder. Carbon-oxygen and carbon-hydrogen

Il COMPUTATIONAL DETAILS and e parameters have been obtained from Lorentz-Berthelot

TABLE I. Simulated systems. All simulations have been per-

We consider the role played by confinement on the spec-
played by PeC rmed at 298 K and 1.00 g/cn

tra of liquid water adsorbed in carbon nanotubes. To observ®
the influence of the radius of the tube on the studied proper-
ties, we performed a series of MD simulations of liquid wa-
ter in different tubes, all of them at 298 K and for a water

Number of
Simulation  Tube radius (A)  Tube class water molecules

density of 1 g/ci. Such a density is the value that we wish 1 4.10 (6,6 14
to simulate, although we have observed in several simula- 2 5.45 (8,9 56
tions at fixed temperature and variable densiiout 20% 3 6.80 (10,10 126
up or down 1 g/cr?) that all properties remain qualitatively 4 8.15 (12,12 224

unchanged. Water-water interactions were modeled with a
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mixing rules!® The values we employed areo.=3.28 A, 1
0uc=2.81 A, €5c=46.79 K, €4c=15.52 K. The internal
radii of each SWCN obtained with this model are 1.31, 2.65,
4.00, and 5.33 A. The length of all carbon nanotubes was
74.5 A. All these geometrical characteristics are suitable to
model liquid water inside SWCN since we have fixed the
liquid water density as one of our input values and obtained
the number of water molecules for each tube as an output to 0.6 -
fix our MD initial configurations. It should be pointed out
that experimental densitié&hen availablicould be slightly
different from that one used in this work. On the other hand,
the configurational energies of adsorbed water fluctuate 04
around— 11 kcal/mol for all tube classes, whereas the value
for bulk water at ambient conditions is about
—10 kcal/mol. This is an indication of the stability of the
MD simulations we report.

Standard periodic boundary conditions and the Ewald
sum rule were used to compute long-ranged Coulombic

Bulk water
6.6
- (88
——- (10,10)

08 |___ (12,12)

I{w)

0.2

forces. Our MD integration algorithm was a leapfrog Verlet 0 Lo . ‘ — |
form with coupling to a Berendsen thermostawe applied 3000 3200 3400 3600 3800 4000
a time step of 0.5 fs. In addition, the translational and inter-  (cm ")

nal degrees of freedom were independently equilibrated.
We performed MD runs of length 0.5 ns to collect statistics
after equilibration periods of 0.1 ns.

FIG. 1. Comparison of the hydrogen absorption line sh@pe
"bitrary unitg for bulk water and water confined in carbon nanotubes
between 3000 and 4000 crh

I1l. SPECTRAL DENSITIE .
SPEC SITIES compare the results with the bulk data. To calculate the Fou-

The experimental infrared spectrum is usually measuredier transform, a Hanning window together with a Bode rule
by means of the absorption coefficientw) or of the imagi-  were employed®?*
nary part of the dielectric constast(w).?* These are quan-
tum properties that can be approximately computed in a clas-

sical framework by making use of some hypotheses. The IV. DISCUSSION
significant object that has to be calculated is the absorption
line shapd (), related toa(w) ande”(w) in the following We displayed in Fig. 1 the hydrogen absorption line shape
way: (arbitrary unit$ in the stretching region for bulk water com-
pared with the same function for confined water in carbon
A0 nanotubes. To our knowledge, no spectroscopic measures of
a(w)=zr—yll-exp—pho)]l(w), infrared nor Raman spectra of liquid water in carbon nano-

tubes are available to compare. The most important feature
we observe is the presence of a frequency band between
y o _Nca(w) 1) 3640 and 3690 cm' (absent in the bulk spectrymwhich
g"(w) : (o o o . A

w we call “vibration.” The position of this new vibrational

) o . band shifts to lower valuegeferred to the bulk stretching
wheren is the refractive indexy is the volume of the sys-  modg when the tube radius increases. This new feature can-
tem, andl (w) can be calculated through the normalized hy-not pe straightforwardly interpreted as an overtone of the

drogen velocity autocorrelation functid@(t) given by ordinary vibrational bandgbending, stretching® Further,
we observed the same feature in simulations of water inside
(JH(t) . JH(0)> rigid cylinders as well as in deuterated and in tritium wafer.
Cu)=— = . 2 In our opinion, the presence of the vibration band is
(vi(0)) purely an effect of confinement and can be explained by the

splitting of the symmetric and antisymmetric components of

the O-H stretching vibration together with the displacement
of that stretching frequency to gas phase values, which are,
I(w)=277’1Nq2w’2fmdtCH(t)COSwt, 3) in gene_ral, greater. _In the absence of confinement_, only the
0 latter circumstance is produced and we have a unique peak,

not two, at larger wave numbet5?® This explanation for

whereN is the number of molecules of the system anid  our results can be backed up with the following data. First,
the hydrogen charge. Since the relevant quantitfds), we  the experimental values of the gas phase symmetric and an-
will compute it in arbitrary units for each spectral region andtisymmetric stretching frequencies are about 3656 and

The final formt* of I (w) is
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TABLE II. Frequency maxima and absolute values of frequency shifts for rotation, stretching and vibra-

tion referred to bulk water, for water confined in carbon nanotubes. Bulk water data are taken from Ref. 27.

The estimated statistical uncertainty is around 10 tifor all values.

Simulation wg (cm™1) Awg (cm™ ) ws (cm™ 1) wy (cm™ ) Awy (cm™ 1)
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

3755 cmt, respectively’® while in MD simulations of lig- mode found in bulk water around 685 ch*¥ It is re-

uid water these values are about 3400 and 3600'¢cme-  markable to note that in the middle-frequency range, which

spectively. Second, the hydrogen-bond network of watercorresponds to the bending vibrations of wateig. 3), the

confined in SWCN is markedly weaker than that in bulk shifts are basically of the same magnitude and they are inde-

systems! so the number of non-H-bonded hydrogens in thependent of the tube radius.

former increases and a shift to gas phase values is produced. To our surprise, we observed that there was a direct rela-

We can consider that our actual “stretching” frequeriBjg.  tionship between the radii of the tubes and some of the shifts

1 and Table I} would be the symmetric stretching compo- mentioned above. For instance, we found that

nent indeed, whereas what we call the “vibration” fre-

guency would really be the antisymmetric component of the (4)

bulk stretching frequency. The rise of the antisymmetric . . 1 _ 1

stretch would be due to the 20% of water molecules formingfw'ﬂ:haR_g??AiI:’;'o cm atr;d l::jR—h.—ﬂl&%th.S cm /A

only one or even zero H bonds. or the rotational frequency band shilt an
We also reported the absorption line shape in the domain (5)

between 300 and 1000 crh, which corresponds to rota-

tional motions of the water molecul&ig. 2). Again a shift  with ay=194+2 cm ! and by=524+7 A cm™ ! for the vi-

to lower frequencies than those in the bulk is observed. Werational frequency band shift. In both cases, fReparam-

also observe the rise of an additional high-frequency peakter per degree of freedom is less than 1. On the other hand,

around 650 cm* in the case of th¢6,6) tube, which could  the changes in the position of other bands are not so easily

be attributed to an optical mode transmitted along the wholeelated to the tube radii. This is the case of the stretching

hydrogen-bond network, in a similar fashion to the opticalfrequencieqcentered around 3380 ¢rhin bulk watey and

Aa)R: aR+ bRI’ y

Aw\/:av+ bvlr

1.2 1.4

Bulk water
6.6
---- (8,8)
——- (10,10)
—- = (12,12)

Bulk water
(6,6)
- (8,8)
— —- (10,10)
— = (12,12)

1.2 ¢

I (o)

FIG. 2. Same as Fig. 1 for frequencies between 300 and FIG. 3. Same as Figs. 1 and 2 for frequencies between 1500 and

1000 cmt.
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frequency band around 50 ¢r). The scientific community
has widely agreed about the 200 cthiband, whereas there

is no general agreement about the 50 ¢mpeak?’*334The
alternative to the standard interpretation is to consider the
low-frequency band as the result of the cage effect of the
neighboring water moleculés.

We found significant differences between the position of
both frequency bands in bulk water and in confined liquid in
the narrow(6,6) and(8,8) tubes. In the case of the broader
(10,10 and (12,12 tubes, differences with bulk are very
small. In the(6,6) tube, we observe that the low-frequency
peak was displaced to 30 ¢rh Thus, we should note that
0O-0-0 units are difficult to produce in this linear environ-
ment. In addition, the high-frequency band appears very in-
tense in the absorption line shape of {{&g6) tube, around
170 cm 1. The spectral densitgo(w) reveals the same be-
havior of the low-frequency band but the 170 chnband
virtually disappears. Instead, it shows up as a second high-
frequency band centered around 260 ¢rwhich appears to
be much less intense in the absorption line shape. These two
peaks could be attributed to the collective vibrations of the
basically linear hydrogen-bond netwdrkWhen the nano-
tube radius increases, this network becomes more and more
three-dimensional, as in bulk water, and the spectra trans-
forms accordingly. However, we can still see some effects in

the (8,8 tube, in which there is a redshift of the high-
frequency peak directly related to the tube radius. On the
other hand, in this tube, the low-frequency band does not
show significant differences with bulk water.

100 150 200 250 300
o (cm™)
V. CONCLUSIONS
FIG. 4. Same as Figs. 1, 2, and 3 for frequencies between 0 and
300 cm ! (top). Comparison of the spectral densities of the oxygen
velocity autocorrelation functions for bulk water and water confined
in carbon nanotube&ottom).

We have performed a series of molecular dynamics simu-
lations of liquid water adsorbed in carbon nanotubes at am-
bient conditions. Our results allow us to observe a new high-
frequency vibration peak around 3650 thin the mid-
infrared spectrum of liquid water confined in carbon
the bending one¢centered around 1660 crhin bulk wa-  nanotubes. That frequency can be attributed to the splitting
ter), which are slightly displaced to lower values with respectof the symmetric and antisymmetric components of the
to the bulk(see Table . Nevertheless, both Eggl) and(5)  stretching vibration of liquid water. Second, we have ob-
would allow us, in principle, to obtain the radius of a nano-served frequency shifts of two spectral bands that can be
tube by measuring the spectrum of confined water inside itdirectly related to the tube radii. These spectroscopic dis-
The low-frequency domain of 0—300 crhwas analyzed placements could be the basis of an experimental procedure
from two complementary calculations shown in Fig. 4. Wefor characterizing carbon nanotubes. We hope that the ex-
employed the low-frequency range of the absorption lineperimental measure of the Raman and the infrared spectrum
shape and the spectral dens8y(w), computed as the Fou- of confined water in carbon nanotubes could confirm these
rier transform of the oxygen velocity autocorrelation func-findings.
tion. This spectral density cannot be related to any observ-
able quantity but it is the basic quantity employed in most
MD simulations to study hindered translations and intermo-
lecular vibrations! These kind of motions have been the  This work has been partially supported by the Diréccio
subject of debate for a long time. Walrafémrgued that the General de Recerca de la Generalitat de Catalunya, Project
two relevant features appearing in the low-frequency specNo. 1999SGR-00146, the Ministerio de EducacjoCultura
trum of liquid bulk water are concerned with local effects of Spain, Grants No. PB96-0170-C03-02 and No. PB98-
associated with the hydrogen-bond network: the stretching 0922, and Project No. PR99-05 of the Universitat Potitea
hydrogen bondghigh-frequency band around 200 cf) de Catalunya. M.C.G. also thanks the Spanish Ministry of
and the bending of hydrogen-bonded O-O-O uriitsw- Education and Culture for additional support.
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