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High temperature behavior of water inside flat graphite nanochannels
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By means of molecular dynamics calculations performed at high temperatures, we were able to calculate the
phase diagram of liquid water confined inside narrow graphite channels. We found stable liquid phases all the
way to 398 K, failing to reach the critical temperature for all of the systems under consideration. We also
analyzed how the temperature variations in the range of 298 to 398 K affected the hydrogen bond network and
found that the main variation in the infrared spectra of confined water at high temperatures was the forward

shifting of the bending peak.
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I. INTRODUCTION

Molecular dynamics (MD) is a standard technique widely
used to investigate properties of water in a variety of condi-
tions, in particular in confined situations. For instance, there
is a fair amount of work reporting what happens to water
inside slit pores,'™* graphite,>'* or cylindrical pores.!'4"!7
When the appropriate potentials are used, MD is reliable
enough to allow us to obtain information directly comparable
with experiments.'®!? Its main advantage with respect to
other kind of calculations such as Monte Carlo simulations,
is that it affords the study of dynamical properties, like in-
frared (IR) spectra or residence times of the atoms or mol-
ecules in a particular place or environment. There is a draw-
back, however. With MD one cannot, in principle, obtain
directly other properties such as thermodynamical stability
ranges. This shortage can be amended by the use of indirect
methods, like the ones indicated in Ref. 20. Those kinds of
calculation allow us to obtain indirectly the free energy of
different phases and, from that, to calculate the phase dia-
gram of the systems under consideration. This has been made
for water between flat graphite plates,”?> but only for low
temperature arrangements. The goal of this paper is to extend
those simulations to higher temperatures, defining the phase
diagram of confined water up to ~125 °C, answering the
question of what happens to confined water at high tempera-
tures, something that has been scarcely addressed until now.

The plan of the paper is as follows. In Sec. I we will state
the model and the simulation details, while the results are to
be described in Sec. III. After that, some conclusions will be
given.

II. MODEL AND SIMULATION DETAILS

We studied the high temperature behavior of water con-
fined between two graphite parallel plates with no defects.
The z direction was taken to be the one perpendicular to the
hydrophobic sheets. Three systems were considered with
separation between the graphite layers of 9, 12, and 15 A.
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PACS number(s): 68.08.De, 61.30.Hn, 61.20.Qg, 31.15.Qg

These distances were the shortest ones measured from the
center of a carbon to another carbon in the opposite graphite
plane. These layers had a surface of 34.4X34.1 A2 in all
cases and served to model the behavior of an homogeneous
infinite system. For these three water arrangements, we per-
formed MD simulations at seven temperatures regularly
spaced from 323 to 398 K, in a density range large enough to
observe unambiguously the phase separations.

As in previous studies, the water-water inter- and intramo-
lecular interactions were described by a flexible simple point
charge (SPC) potential,”® while water-graphite forces have
been assumed to be of the Lennard-Jones type with the same
parametrization of previous works (see, for instance, Ref.
14), but considering explicitly all the carbons belonging to
the two limiting layers. The SPC model was used because it
reproduces accurately the critical temperature of bulk
water,”¢ the parameters of the flexible version used here be-
ing fitted to reproduce the main features of the ir spectra of
bulk water at room conditions.?* Thus, with this model one
expects to obtain accurate thermodynamical and dynamical
properties for the system under consideration. The customary
three-dimensional (3D) Ewald sums were used to account for
electrostatic interactions.?* A leapfrog Verlet integration al-
gorithm with coupling to a thermal bath has also been
employed.? Our integration time step was 0.5 fs. The runs
after equilibration were long enough to assure there were no
changes that could affect the results below. That meant runs
of 250 ps after equilibration times of 50 ps.

To build the phase diagrams, we had to determine the
thermodynamical stability of the simulated systems by
means of the Helmholtz free energy F calculations. The free
energy was obtained in the same way as in previous
studies,?®?! i.e., by assuming a reasonable expression for F
and deriving the corresponding form for the total energy of
the system, E, a property of the system directly obtained
from the MD simulations. The analytical form for F' was
taken to be
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FIG. 1. Phase diagram for the system with 9 A of interplate
separation. Dotted lines are guides to the eye, the crosses with the
error bars being the results of our simulations.

3 3

F(p,T)=>, > bijpiTl_j + (ideal polyatomic gas terms).
i=0 j=1

(1)

Here, the density p was simply the number of molecules
divided by the total volume of the simulation cell, the z co-
ordinate being the distance between the center of the carbons
discussed above; no allowance was made for the minimum
distance between the carbon atoms and the oxygen or hydro-
gen atoms in the water molecule. For every set of three con-
secutive temperatures, a fit to the energy derived from the
above expression was made, obtaining the thermodynamical
stability limits of the phases involved in a considered tem-
perature span (323-398 K). The error bars were obtained for
comparison between overlapping ranges. The stability re-
gions below 323 K were taken from Ref. 21, where more
details of the entire procedure can be found.

III. RESULTS

Figures 1-3 represent the phase diagrams of water con-
fined between two graphite layers separated by 9, 12, and
15 A, respectively. In all cases dotted lines are guides to the
eye to limit the stable phases. As indicated above, the densi-
ties displayed in the abscissas correspond to the total number
of water molecules divided by the total space available.
From those figures, one can infer the maximum number of
water molecules used in each case, by multiplying the vol-
ume of the simulation cell by the biggest density displayed
for each separation. The “unstable” parts of the figures indi-
cate the densities in which the existence of water is impos-
sible: if we tried to create a phase with that number of mol-
ecules in the given space, it would separate in two parts
whose densities would correspond to the dotted lines of the
figures at the considered temperature. In the cases in which
there is only one such dotted line, the system will leave the
appropriate empty space to allow the remaining molecules to
have adequate density in the limit of the stable range. In the
9 A case, we observe that the low density stable phase de-
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FIG. 2. Same as in Fig. 1 but for a separation 12 A.

fined in Ref. 21 disappears at temperatures above 340 K,
while the high density one increases appreciably its range of
stability from the 360 K isotherm up. In any case, we do not
see a stable gas phase of appreciable density at high tempera-
tures, meaning that 400 K is still well below the critical tem-
perature for this system. For the sake of comparison, the bulk
critical temperature for this model of water is around
640 K,2° almost identical to the one found experimentally.
The remaining two figures are similar in the sense that there
exists only a high density stable phase in both of them. How-
ever, in the 12 A diagram, the stability range increases with
temperature, being almost constant for the 15 A separation.
In any case, the highest temperature in this study is still short
of the critical isotherm for the two wider arrangements.
Apart from the definition of the phase diagrams them-
selves, one could ask how temperature affects the properties
of the systems under consideration at a given density inside
the stable regimes. To extend the comparison further, we
took into account the same effective density for all separa-
tions, 5.6X 102 A=3. This last density was obtained by di-
viding the number of water molecules by the available space
for their centers of mass, i.e., taking into account the fact that
the atoms in a water molecule cannot be located at less than
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FIG. 3. Same as in previous figures for a slab width of 15 A.
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FIG. 4. Oxygen density in g/cm? versus the z coordinate for
separations 15 (full line), 12 (dashed line) and 9 A (dotted line). All
the data are given at 398 K.

a certain distance from the center of any carbon in the graph-
ite sheets. Allowing for that space subtraction, the common
density corresponds to 2.5 X 102 A=3 for the 9 A separation,
3.3X 1072 A= in the 12 A setup, and 3.7 X 1072 A= for the
15 A arrangement in the units in which the phase diagrams
are given. Those densities are in all cases inside the water
stability range, and are used to discuss the variation of the
structural and dynamical properties explained below.

The first thing one might want to know is how the varia-
tions in temperature modify the density profile of water be-
tween the two graphite plates. The answer can be deduced
with the help of Fig. 4. There, we display the oxygen density
profiles (very similar to the center-of-mass densities) for the
three z separations considered in this work. The center of the
simulation cell was taken to be at the z = 0 position. In this
figure, we represent those profiles at 398 K, the highest tem-
perature of our calculations, finding than they are virtually
identical to the same densities at 298 K displayed in Ref. 21.
This means that, at least in this range, the overall atom dis-
tributions do not change appreciably.

However, this does not mean that the temperature does
not affect the structure of the systems at all. In Fig. 5, we can
see the evolution of the average number of hydrogen bonds
in the three systems considered in this work: from top to
bottom, 15, 12, and 9 A. Here, we incorporated data for
298 K for all the systems under consideration. Two facts are
immediately apparent: the number of hydrogen bonds de-
creases with temperature, and that decrease is proportionally
greater in the case of narrower environments. That can be
seen through the slopes of the dotted lines which serve as
guides to the eye: the wider the z separation, the smaller the
slope (~5% in the 15 A case against ~9% in the 9 A one).
Thus, for wider systems at the same density, one would ex-
pect a rate of hydrogen bond destruction very similar to that
of a bulk system at the same effective density.

Among the most important dynamical properties of water
available through MD simulations are self-diffusion coeffi-
cients and spectral densities. Both are related to single-atom
velocity autocorrelation functions C(z):
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FIG. 5. Average number of hydrogen bonds for the three sys-
tems considered: 15 (full circles), 12 (open squares), 9 A (full
squares). Dotted lines are guides to the eye. The destruction rate is
shown to depend on the graphite separation.

v(r) - v(0
- 0500
@(0)9)
where v(2) is the velocity of a given atom (oxygen or hydro-

gen) at time 7. The diffusion coefficients D have the expres-
sion

()

D,= fw C(1),dt. (3)

0

Here, « stands for the x, y, or z direction. The total self-
diffusion average coefficient

1
= g(Dx+Dy+Dz). (4)

On the other hand, the spectral densities S(w) are calcu-
lated by means of the following:

S(w) = Jm C(t)cos(wt)dt. (5)

0

The spectral densities for hydrogen atoms are closely related
to the ir spectra, in such a way that only the positions of the
peaks of S(w) are meaningful and can be compared with
experiment.?’-?8

In Fig. 6 we show the result of performing the Fourier-
transform technique implied in Eq. (5). From bottom to top
we display bulk (density, 1 g/cm?), z=9, 12, and 15 A spec-
tra, in all cases at 398 K, the highest temperature in our
study. We observe that the spectral densities are very similar
to each other and to the bulk case, the main difference being
the low frequency peak located at around 50 cm™', which
shifted to around 100 cm™ for the 9 A case and is a mere
shoulder in for the other two separations. This particular fea-
ture is basically related to intermolecular vibrations. A de-
tailed description of these intermolecular movements in-
volves the study of additional dynamical properties such as
the times of residence of water in particular locations and the
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FIG. 6. Spectral densities obtained from our simulations at T
=398 K. The curves have been displaced vertically for the sake of
clarity. From bottom to top, we have bulk water density of 1 g/cm?,
and confined water between two graphite layers separated by 9, 12,
and 15 A. One observes that the bending peaks are moved forward
while the stretching bands are basically unchanged with respect to
bulk values.

spectral densities of oxygen atoms, and was not performed in
this paper.

The position of the main bands in the spectral densities
are given for four temperatures at Table I. From these data,
we can say that the stretching bands are located at about the

TABLE 1. Frequency maxima (in cm™!) for water confined be-
tween two graphite sheets. We also show the values corresponding
to bulk water (density of 1 g/cm?®) at the same temperatures for
comparison.

Temperature (K) Wgtretching Wpending Wroration
=9 A
323 3400 1660 495
348 3420 1660 470
373 3420 1645 485
398 3430 1640 460
=12 A
323 3390 1685 485
348 3390 1685 480
373 3390 1680 485
398 3420 1680 485
=15A
323 3395 1690 500
348 3400 1690 495
373 3395 1690 500
398 3400 1680 490
Bulk
323 3400 1635 495
348 3430 1645 485
373 3440 1620 475
398 3460 1620 455
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TABLE II. Oxygen self-diffusion coefficients for all the systems
and temperatures considered in this work. As before, the bulk data
correspond to a density of 1 g/cm?. All values are in 107> cm?/s.
Error bars are of the order of the last digit displayed.

Temperature (K) D D, D,,
=9 A

323 1.8 ~0 1.8

348 2.2 ~0 2.2

373 2.8 ~0 2.8

398 33 ~0 33
=12A

323 1.1 0.07 1.3

348 1.3 0.10 1.9

373 1.6 0.12 2.3

398 2.1 0.16 3.1
z=15A

323 0.7 0.11 1.0

348 1.0 0.13 1.4

373 1.3 0.18 1.9

398 1.4 0.22 2.0

Bulk

323 3.8

348 6.0

373 7.0

398 8.5

same position in all cases and for all temperatures, even
though it is true that their frequency increases slightly when
water is heated. The opposite happens with the bending peak:
in confined water the maxima are located at higher frequen-
cies than in bulk, but they slightly shift to lower wave num-
bers with temperature. There is no obvious trend in the
changes of the rotation band: the differences in the values
displayed in Table I are basically due to the numerical error
of the procedure to find the spectra.

The remaining dynamical feature of these systems are
their diffusion coefficients, already defined by means of Eq.
(3). In Table II we show the results for the total self-diffusion
coefficients of the three systems considered together with the
bulk data for the same temperatures. Some features are im-
mediately apparent. The D’s in the direction perpendicular to
the graphite sheets are appreciably lower than the ones in the
xy planes. That means that the water molecules are basically
confined to one layer in the z direction, irrespective of tem-
perature. In addition the xy coefficients are appreciably lower
than their bulk counterparts for all temperatures. In this, all
three systems behave differently from their confined counter-
parts inside a carbon nanotube. In that last case, the water
molecules move faster in the unconstrained direction than in
the case of the bulk.”” In any case, the magnitude of the
coefficients indicates that, for the densities studied, we are
still in the liquid zone, since solid total diffusion coefficients
are of the order of 107 cm?/s.
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IV. CONCLUDING REMARKS

In this paper, we studied the high temperature behavior of
water confined between two defectless graphite sheets of dif-
ferent separations. Phase diagrams are drawn up to 398 K
and indicate the existence of a single stable phase in all
graphite-graphite separations considered but the case of 9 A.
In this case, two well-defined phases at low temperature have
been observed, corresponding to low and high density con-
figurations. The characterization of the stable phases ob-
tained has been performed by means of the calculations of
some structural and dynamical properties of water under con-
finement. In the range of temperatures considered, and ex-
cept for the diffusion coefficients, the changes in the studied
properties are below 10%. In the case of diffusion, we ob-
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served a dramatic reduction of the water mobility when the
liquid is restricted to quasi-two-dimensional geometries (for
the separation of 9 A at high density) and in all cases we
found that diffusion in the direction normal to the graphite
slabs is about one order of magnitude smaller than the over-
all diffusion.
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