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Temperature effects on the static and dynamic properties of liquid water inside nanotubes
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We report a molecular dynamics simulation study of the behavior of liquid water adsorbed in carbon
nanotubes under different thermodynamic conditions. A flexible simple point charged potential has been em-
ployed to model internal and intermolecular water interactions. Water-carbon forces are modeled with a
Lennard-Jones-type potential. We have studied three types of tubes with effective radii ranging from 4.1 to 6.8
A and three temperatures, from 298 to 500 K for a fixed density of 1 §/&tmucture of each thermodynamic
state is analyzed through the characterization of the hydrogen-bond network. Time-dependent properties such
as the diffusive behavior and molecular vibrational spectra are also considered. We observe the gradual
destruction of the hydrogen-bond network together with faster diffusive regimes as temperature increases. A
vibrational mode absent in bulk unconstrained water appears in the power spectra obtained from hydrogen
velocity autocorrelation functions for all thermodynamic states. That frequency mode should be attributed to
confinement effects.
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[. INTRODUCTION confined liquid water, and finally with the computation of
microscopic spectra for all systems. Special attention will be

Carbon nanotube€CN'’s) are quasi-one-dimensional hol- devoted to the evolution of the anomalous frequency bands
low structures that can be imagined as the result of rolling ugbsent in bulk room temperature water when the temperature
one or several graphite sheets over themselves. These nélyanges. The potential models and computational tools will
materials sport a variety of novel electronic, structural and?@ described in Sec. Il and we will show structure and
vibrational properties, among them the possibility of adsorbhydrogen-bond populations for all states in Sec. Ill. Self-
ing substances in a quasi-one dimensional environfilek diffusion cogfﬂments along the tube axis W|Il_k_)e r(_aported in
If the chosen substance is water, the interest is twofold: nop€C- V. while the computed spectral densities in the full
only the general aim of understanding the behavior of adsornfrared spectra regions will be described in Sec. V. Section
bates under the confinement of the CN’s, but also the possi! is devoted to conclusions.
bility of extrapolating the conclusions obtained to similar
interesting physical situations, such as water adsorbed in bio-
logical or geological systems.

Some work has been done concerning liquid water con- We have performed a series of MD simulations ofCH
fined in silica poreg3-5], but the confinement of water in confined in CN’s with internal radii of 4.10, 5.45, and 6.80
nanotubes is tighter, since there are much narrower than th&, which correspond to thés,6), (8,8), and(10,10 tubes in
typical silica pores. We have recently performed several mothe standard nomenclatyr@], at three different temperatures
lecular dynamicg¢MD) calculations of liquid water confined and the density of 1 g/ct The details of the simulated
in CN’s at the room conditions of 298 K and 1 g/tnwe  systems are reported in Table I. We have modeled water-
analyzed the hydrogen-bond network struct(8¢ and the water interactions by means of a flexible versjdf] of the
vibrational and rotational specti@]. Later we have also simple point chargedSPQ potential of Berendsert al.
studied the influence of atomic mass on the microscopic dyf11]. SPC is one of the most used potentials in the literature
namics of water using isotopic substitutior&. and it consists in a Lennard-Jones type term to model short-

In this paper we present an analysis of both structural andange interactions plus a Coulombic part to account for long
time-dependent properties of liquid water as a function of theanged forces. The model employed in this work includes
temperature by means of MD simulations. Preliminary studintramolecular interactions that account for the internal vi-
ies of such properties as a function of the density have showbrational modes of water. This flexible potential has been
few changes from the qualitative point of view for variations previously checked through the comparison with experimen-
up to the 25% of the density. The main objectives of thistal infrared and Raman spectra for systems at several ther-
work are the study of the changes produced by the increasingodynamic conditiong12]. Other water samples such as
temperature on the hydrogen-bond network and the influendeeavy water steam and water at supercritical conditions have
of those changes on the dynamic properties. We will also balso been studied with this moddl3—15. Water-tube inter-
concerned with the analysis of the diffusive behavior of theactions have been accounted for through Lennard-Jones type

II. COMPUTATIONAL DETAILS
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TABLE I. Simulated systems. All simulations have been per-ues corresponding to bulk systems for each temperature. We
formed at a density of 1.00 g/cm

Tube radius
Simulation A)

Number

Tube class of waters Temperaturé)

can distinguish several general trends concerning the average
HB numberper molecule(nyg). One, (nyg) in the con-
strained water systems is lower than the one in bulk systems
for all temperatures. Two,n,z) tends to decrease as tem-

1 4.10 (6,6) 14 298 perature increases for each nanotube class and thrgg)

2 5.45 (8,9 56 298 grows with increasing tube radius at each particular tempera-
3 6.80 (10,10 126 298 ture. Besides, when we raise the temperature, there is a great
4 4.10 (6,6) 14 400 increase in the percentage of molecules with zero or one
5 5.45 (8,9 56 400 hydrogen-bond, and a related decrease in the number of mul-
6 6.80 (10,10 126 400 tiple bound molecules. At 298 and 400 K, the maxima in the

7 4.10 (6,6) 14 500 hydrogen bond distributions for all tubes are located at lower
) 5.45 (8,9 56 500 number of HB’s fiyg=3 at room temperature versugg

9 6.80 (10,10 126 500 =4 for bulk andnyg=2 versusnyg=3 in the 400 K case

However, at 500 K, the peaks are locatedgt= 2, both for
bulk and constrained water. This probably indicates that the

potentials[16]. The shapes and parameters of the carbondestruction of bonds induced by the presence of the nanotube
atom interactions are reported elsewhi@g].
Standard periodic boundary conditions have been considure itself. That would explain why the percentages of water

ered and the Ewald rule has been employed to sum up th@olecules forming 0-5 HB are very similar for the wider
long-ranged Coulomb interactions. We also used a leap-frotbes(8,8 and(10,10 at 298 and 400 K, but not for 500 K.
Verlet integration algorithm with coupling to a BerendsenThe case of thé6,6) tube is different: its HB distribution
thermostaf17] and a time step of 0.5 fs for all simulations. shows the effects of the reduced space available to the water
In addition, translational and internal degrees of freedonmolecules. The fact that at 500 Knyg) <2 in all cases,

have been independently equilibrafd@] in order to quickly

starts to be balanced by the decreasing produced by tempera-

indicates that we have long chains of hydrogen bonds.

achieve the desired temperatures. We performed MD runs To complete the structural study, we show the average
longer than 0.5 ns to collect statistics after equilibration rungiumber of hydrogen bonds as a function of the distance to

longer than 0.1 ns.

IIl. STRUCTURE AND HYDROGEN-BOND NETWORK

the z axis in Fig. 1. We observe that the shape of the distri-
butions is similar for each of the three tubes considered,
differing only in its height, as corresponds to cases with dif-
ferent HB populations. Figures 2 and 3 show atomic density

The analysis of the structure of liquid water confined inprofiles (probability of finding an atom at a fixed distance

CN's has been performed through the computation ofrom the longitudinal axisfor different temperatures. In line
hydrogen-bond(HB) populations and atomic density pro- with what we mentioned above, we obtain that at all tem-
files. We have employed a geometrical definition of hydro-peratures the oxygen and hydrogen distributions are very
gen bonding 6] that has been also assumed in many molecusimilar, independent of their respective hydrogen-bond dis-
lar dynamics calculation§14,19,20. The HB percentages tributions. This could be attributed to confinement effects,
for our constrained water systems are reported in Table Il fowhich are really dominant in these systems, independent of
molecules involved in 0—5 HB’s and compared with the val-the hydrophobic or hydrophilic type of the interaction. This

TABLE Il. Averaged percentages of H-bond populations. Error estimates are reported in parentheses.

Bulk water data are taken from Refd.4,20. At 298 K, there are the 0.5% of waters forming 6 HB.

Simulation No N, N, N3 Ny Ng (N)
1 1.40.1) 19.50.2 79.10.2 0 0 0 1.8
2 0.30.1) 4302 30404  46.40.4  18.60.5 0 2.8
3 0.20.1) 3.800.3 26.90.6) 45.60.6) 22.40.5 1.1(0.2 29
Bulk (298 K) <0.1 0.3 4.8 26.0 58.2 10.2 3.7
4 13.10.) 21.60.2 65.30.2 0 0 0 1.5
5 3.20.2 19.50.5 48.20.6) 25.50.6) 3.600.2 0 2.1
6 2.10.3 15.30.7) 41.80.8 31.70.8 8.6(0.5 0.40.1 2.3
Bulk (403 K) 0.5 5.6 23.0 394 28.4 3.1 3.0
7 18.00.2 25.00.2 57.000.3 0 0 0 1.4
8 10.40.5 32.20.9 41.50.9 14.400.6) 1.50.2 0 1.6
9 6.100.5  26.20.8 41.80.8 21.40.7 4304 0201 1.9
Bulk (523 K) 3.2 17.6 36.0 30.8 11.4 1.0 2.3
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FIQ. 1. A\{eraged number of H_bonds for water in _CN’s. 298 K FIG. 2. Oxygen density profilen g/cn?) for CN. 298 K (con-
(continuous lines 400 K (dashed lines 500 K (dotted lines. tinuous line$, 400 K (dashed lines and 500 K(dotted lines.

has been already observed for adsorbed water in the proxincorrelated with the destruction of hydrogen bonds, since the
ity of different substratef21-26. great reduction innyg) produced between these two tem-
peratures.

IV. SELF-DIFFUSION COEFFICIENTS
V. VIBRATIONAL SPECTRA
In this work we have employed the velocity autocorrela- ] » ) )
tion functions of the oxygen atom&(t)’s, together with The _calculat|(_)n of spectral densities from microscopic
their z componentsC,(t)’s, in order to compute the water co_rrelatlon. functlons is one of the most useful ways to study
self-diffusion coefficient®’s. These are the totdisotropig ~ Microscopic dynamic$29], together with the experimental
D, z axis, D, and the one for thety plane,D,, . The rela- infrared and Raman spectra. measurements_. We haye em-
tionship between both quantities is given by ployed the hydrogen velocity autocorrelation functions
Cy(t) to compute the spectral densiti8s(w). The proce-
dure is limited to the obtention of the spectroscopic band
L[ maxima and works through the computation of the optical
D= 5f0 dtC(t), (1) absorption line shapg ) by Fourier transforming the total
dipole moment autocorrelation function. In this scheme,
I(w) can be directly related t&,(w). The details of the
and the results are reported in Table Ill. First of all, we seecalculation are reported elsewhé812]. The results are dis-
that our flexible potential model produces a good qualitativeplayed in Figs. 4 and 5 and are complemented by the data in
agreement with the two experimental data available. HowTable IV.
ever, it should be pointed out that only experimental bulk The hydrogen spectral densiti8g(w) for liquid water at
data are reported. We also observe that diffusion aioaxjs  three temperatures are shown in Fig. 4. We comSai(ev)
is faster than in they plane for all tubes, this being specially for water confined in CN’s with the bulk water spectrum in
important for the(6,6) one. The lack of space is responsible the frequency range of 0—1000 wave numbers. One can see
for the great differences betwedd,,'s in the (6,6), (8,8, that the spectral densities of the two wider tubes are very
and (10,10 tubes. We observe also a great increasb jnin similar to each other at any temperature, while $y¢w) of
going from room temperature to 400 K. This is probablythe narrow(6,6) CN presents a very different shape. For all
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Hydrogen density profile

FIG. 3. Hydrogen density profilgén g/cn?) for CN at different

r (A)

PHYSICAL REVIEW E64 021504

(A)

70 (B)

FIG. 4. Hydrogen spectral densiti€g(w) (arbitrary unitg for
CN at different temperatures. Low frequency rang®-1000
cm™1). (A) 298 K, (B) 400 K, (C) 500 K. Bulk is represented by
full lines at ambient conditiong6,6) CN are represented by long-

temperatures. Full, dashed, and dotted lines have the same meanidigshed lines8,8) CN are represented by dashed lines, 610

as Fig. 2.

CN are represented by dotted lines. Bulk has been computed at 298,
403, and 523 K.

tubes and all temperatures, we can observe three different
peaks: one at around 50 crh related to the bending of another at approximately 200 crhrelated to the stretching
0-0-O hydrogen-bonded units according to some authoref hydrogen bonds and a final one at about 400™ tnThe

[30], and to the “cage effect” according to othe20,31];

TABLE l1ll. Oxygen and hydrogen self-diffusion coefficients
along the tube axis. All values are given inf0cm?/s. Bulk water

data are taken from Refgl4,20.

Simulation Dtotal DZ-axis DXY-pIane
1 2.5 4.3 1.6
2 3.2 35 3.0
3 3.1 3.8 2.7
Bulk (298 K) 2.6

Experimental(298 K) [27] 2.3

4 10.6 29.2 1.3
5 11.0 16.9 8.0
6 11.2 15.1 9.2
Bulk (403 K) 9.9

7 11.2 32.1 0.7
8 15.9 29.6 9.0
9 17.7 26.6 13.2
Bulk (523 K) 24.1

Experimental(523 K) [28] 28.0

first one is visible at frequencies above the corresponding
bulk values. Since the breaking of the hydrogen bond net-
work in CN is greater than in bulk we could suspect that, at
least in nanotubes, the position of this band is related to the
size of the “cage” available for each molecule: higher fre-
quencies correspond to narrower tubes and smaller cages.
However, this correspondence is not seen at room tempera-
ture, which suggests that the vibration of the entire hydrogen
bond network also plays a role in the appearance of this
band. The peak at 400 cm, related to the rotations of the
water molecule, has a similar behavior in the wider tubes and
in bulk, the only difference being its position, that depends
on the diameter of the tubl’]. The (6,6) tube presents a
much more complicated behavior. Below 700 chwe can
observe four different peaks. The first two are related to the
two bands already mentioned for bulk wat€s0 and

200 cm'l). Then, there are two maxima that we can tenta-
tively assign to rotations; their frequencies are displayed in
Table IV. When the temperature increases, these peaks shift
forward enormously, one of them being in the vicinity of
600 cm!. A band in this location has been observed in
simulations of absorbed HD@species resulting from the
H,0-D,0O mixture [8], and it could be attributed to an opti-
cal mode found in liquid bulk wat€gri2,32.
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TABLE IV. Frequency maximdin cm 1) for water confined in
CN computed from hydrogen spectral densit®&f ). The fre-
guenciesw; andw, are the two typical intermolecular vibrations of
liquid water. The estimated statistical uncertainty is around 3 cm
for all values. Bulk water data are taken from Refs4,20.

Simulation W1 W3  WRotaton @®Bending ®@Stretching @ Vibration

1 45 155 285-400 1606 3363 3707
2 54 223 420 1620 3420 3662
3 57 243 448 1615 3412 3657
Bulk (298 K) 50 200 505 1650 3385

4 45 175 345-508 1612 3330 3710
5 35 190 377 1590 3450 3673
6 32 220 387 1595 3445 3650
Bulk (403 K) 20 190 455 1620 3460

7 50 178 440-580 1605 3350 3714
8 27 200 350 1580 3485 3660
9 23 225 335 1580 3495 3630

Bulk (523 K) 0 180 370 1590 3480

?000 1500 2000 2500 3000 3500 4000 lated temperatures. This fact has been observed through the
® (cm™) computation of hydrogen-bond populations and atomic den-
o _ sity profiles. We observed that narrow tubes do not allow

FIG. 5. Same as Fig. 4 in the high frequency ra(#0-4000  complex H-bonded structures and, in many cases, the ad-
wave numbers. sorbed water molecules inside are forming long linear
chains. Diffusive motion has been studied from isotropic
&elf-diffusion coefficients as well as those computed along
%he longitudinal tube axis. We have found that diffusion in
&he z direction is clearly faster than the bulk value in all

The high frequency domain between 1000 and 4000 wav
numbers is displayed in Fig. 5. There we find the bendin
and stretching intramolecular vibrations. In all cases, th
bending band is slightly backshifte@elative to the bulk cases
value, at all temperaturgalthough we do not find significant .

) . .. The calculation of the spectral densities of oxygen and
differences for t.he three different tube cla_sses. Important d|f—hydrogen atoms has reported a set of remarkable results:
ferences arise in the case of the stretching frequency, ho

. . : Mfirst, the presence of the tube walls produce slireerred to
teveer. .t:e %?]n: 'Zsﬂl]':fg];nﬁq m?ebraer:]ihebsr:rgcﬂl ter:ncpherat-he bulk valuesin most of the spectral bands. Some of these
ures in su way '9 quency » WRICh W requency shifts can be related to the tube radii and are also

icna\l/”er\slclabg‘tltounbael rzz?uds’ S‘lt]rlmﬁtss gggv:{?egéipgg?}n?gigoaihﬁ)o roduced in the same tube classes at different temperatures.

temperaturg7] and we.observe here that at higher tempera- ne rele_vant fact is the detection of a high vibrational fre-

tures the behavior is basically the same. In previous workquency in the stretching spectral region of all constrained
. o ' . ater samples which is absent in the bulk. This frequency

7,8], we postulated that this splitting has to be assomateg\r/1 : - :

\[/vith] confir?ement effects and thg'lt it cgan be explained as th Od? candbe explamed as the splitting of tlae_strr]etchll)ng sy(;n ]

separation of the two stretching modes, the symmetric ané;etrlc and antisymmetric components and it has been de-

X . S cted at each temperature studied. The low frequency band
the antisymmetric ones. The vibrational frequency has to b%round 50 cm? in liquid bulk water is also present in the
related with the antisymmetric stretch.

confined systems.

VI. CONCLUDING REMARKS
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