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Electric and dielectric properties and microscopic dynamics of liquid water confined between graphite slabs
are analyzed by means of molecular dynamics simulations for several gragtafghite separations at ambient
conditions. The electric potential across the interface shows oscillations due to water layering, and the overall
potential drop is about-0.28 V. The total dielectric constant is larger than the corresponding value for the
bulklike internal region of the system. This is mainly due to the preferential orientations of water nearest the
graphite walls. Estimation of the capacitance of the system is reported, indicating large variations for the
different adsorption layers. The main trend observed concerning water diffusion is 2-fold: on one hand, the
overall diffusion of water is markedly smaller for the closest graptgt@phite separations, and on the other
hand, water molecules diffuse in interfaces slightly slower than those in the bulklike internal areas. Molecular
reorientational times are generally larger than those corresponding to those of unconstrained bulk water. The
analysis of spectral densities revealed significant spectral shifts, compared to the bands in unconstrained
water, in different frequency regions, and associated to confinement effects. These findings are important
because of the scarce information available from experimental, theoretical, and computer simulation research
into the dielectric and dynamical properties of confined water.

Introduction of electrical and dielectric properties of water under confine-
o _ . _ _ ment2%:27 In a previous work? we observed that the orienta-
Liquid—surface interactions are of central importance in @ tiona| distribution of water molecules at the graphite interfaces
number of fields such as electrochemistfythe physics and  reyeals two preferential values: one corresponding to dangling
chemistry of corrosiof;* heterogeneous catalysis of metafs, 4 honds (nonbonded hydrogen atoms pointing to the surface)
solar energy conversiohor liquid transport of geological  4nq 4 second one corresponding to molecular OH bonds parallel
materials such as clays or rocks. In particular, liquid water (4 the surface. It is expected that those features will have some
suffers dramatic changes in its microscopic structure and ifiyence on the dielectric properties of water. To establish a
dynamics as well as in its dielectric properties when itis placed pigge petween the dielectric and electrochemical properties,
near solid surfaces of any class (hydrophilic or hydrophobic). i the first part of the paper we will include a detailed analysis
Liquid water in confined geometries has received great interest ¢ ¢ ,cn properties and their relationship to the electrostatic

in recent years from both computer simulation and the experi- characteristics of the system.

mental point of view. Pioneerifi§ and recent computer The second aspect that we will study with detail concerns
simulation work$?*2 have focused on generic water model e microscopic dynamics of water under confinement. Some
surfaces. Some studied systems concerning confined water argecent studies, devoted to properties such as translational and
water in silica pores (Vycor glas$}, near platinurf® or rotational diffusion coefficientd1233 or the spectroscopic
magnetite’® and in zirconiumi® mica’ or graphite. The  ,ronerties of water molecules under confinenféit, have
geometry of the confining device has been considered to be eyealed significant changes in water dynamics because of
planar;®-22 cylindrical (carbon nanotubesj;# or sphericat®>?”  qnfinement effects. Here we will focus our attention on both
A review of recent developments in the case of water confined yang|ational diffusion and spectroscopy in order to explore the
in slab geometry from the computational point of view has been fiuence of confinement on such properties in the case of
reported by Zangi® From the experimental side, numerous graphite slabs of variable separation.

contributions are devoted to sotidvater interfaces. References

close to the present work are refs-231. Technical Details

Nevertheless, it should be pointed out that despite their

importance, few studies have been devoted to the calculation A series of molecular dynamics simulations of liquid water

between two parallel graphite plates (HOPG, highly oriented
pyrolytic graphite) separated by a distamicat room temperature

:Co”eSpO”ding author. E-mail: jordi.marti@upc.edu. (T = 298 K) and fixed densities have been performed. In every
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TABLE 1: Simulated Stable States and Cutoff Values for L T ]
Selected Regiorsof Water Confined in Graphite
Nanochannels

d density adsorbed regionintermediate region central region 0 —
(nm) (glen®)  (nm) (nm) (nm) —w [
0.7 2.89 0.250.45 i )
09 034 027062 S ool |
0.9 1.78 0.250.65 = 7
1.2 165  0.250.45, 0.45-0.75 £ | |
0.75-0.95 2L
15 118 0.2505, 0.5-1.0 8 54l i
1.0-1.25 -% ’
3.1 1.04 0.26-0.48, 0.48-0.75, 0.75-2.35 @ L i
2.62-2.84 2.35-2.62 %
a Adsorbedfor water nearest the graphite waltgntral for water in m 0.6 N

the internal bulklike regions anidtermediatefor the region between
the two former ones.

determined in two previous works*2and are specified in Table 08

1. Densities were computed with consideration only for the - 1
available space to water molecules; i.e., the excluded volume AT

due to the influence of graphite walls was subtracted. We set '10 0,5 1 15 2 25 3
up our simulation box to 3.44 3.41 x z nmé. These values z (nm)

correspond to the geometry of HOPG in the real systems. Thefigyre 1. Electrostatic potential profile fod = 3.1 nm.
coordinatez corresponds to the interfacénterface direction

Z. Finally, we defined three different groups of water molecules The pPoisson equation was solved by taking the charge density
directly related by their locations with respect to the graphite of water into accourt® The results are presented in Figure 1.
walls: adsorbedor water in the closest layecentralfor water The potential difference between the HOPG surface and the
far from the graphite, and, in the case @f= 3.1 nm, an  \ater bulk, i.e., the surface potential drop, is abe@t28 V.
intermediateregion. The exact definition of those regions in  As a comparison, this value is aboti0.86 V over that of the
each case comes from the corresponding density préfifs,  py100)-water system! showing that the potential of zero
and it is reported in Table 1. charge is largely different for hydrophobic and hydrophilic
Water-water inter- and intramolecular interactions have been surfaces. The electrostatic potential reveals strong fluctuations
modeled with a flexible simple-point-charged (SPC) potential near the graphite walls and much weaker ones in the intermedi-
which was specifically reparametrized to reproduce the main ate region, and as expected, it is almost constant in the bulk.
trends of the infrared spectrum of water at ambient condiftbns.  Our results are in good overall agreement with those of offfers.
Water—carbon forces have been assumed to be of the Lennard-The spatial fluctuations in the electrostatic potential are deeply
Jones type with the same parametrization employed in previousconnected with the charge distribution of water in the system
studies of water near graphite (see ref 37 for instance). Periodic (graphite walls are uncharged), since they are calculated from
boundary conditions in theX and Y directions have been it via the Poisson equation. The resulting profile of the
assumed. Long-range electrostatic interactions have been acelectrostatic potential is very homogeneous in the central region,
counted for by a 3D Ewald sum procedure (see refs 32 and 38but it shows a certain degree of ordering in the interfaces because
for details). Such a method is based on the increasing length of the preferential orientations of wat&This fact will be an
of the simulation box outside the slab region, leaving enough indication of large deviations in the dielectric constant compared
room for the decoupling of interactions between real and image with the value of unconstrained liquid water, as we will show
charges. A leapfrog Verlet integration algorithm with coupling pelow.
to a thermal bath has also been adogtedur integration time- Dielectric Properties of Water. The dielectric properties of
step was 0.5 fs. Stabilization runs of more than 50 ps followed 3 |iquid under confinement may be directly characterized by
by production runs of lengths between 50 and 500 ps were the calculation of the static dielectric constargnd by means
considered in all cases. of the analysis of the total dipole moment. In the case of a
In a previous work? we analyzed the reliability of the model  system with long-range interactions treated by the Ewald method
and procedure employed, comparing our findings with experi- with conducting boundary conditions, the static dielectric
mental STM (scanning tunneling microscopy) data. We con- constante is given by243
sidered the probability of electron transmittance in one dimen-

sion between HOPG and a dimensionless imaginary tip, placed 471Nm2[03
at regularly spaced distances from the surface. At the qualitative e=14——"— K (1)
level, the results from computer simulations and experiments 3VikeT

are in good agreement.
whereN is the number of water moleculeg,is the accessible
Results volume,z(t) is the molecular dipole moment of wat&g, is the

) ) ] Boltzmann constant, an®y is the so-called finite system
Electrostatic Potential Profile. We focused our study of the  kijrkwood G factor

electric properties of confined water on the analysis of the

electrostatic potential profile of water along the available

confined space. The electrostatic potential was calculated as a G, =
. . h . k 2

one-dimensional average perpendicular to the graphite surfaces. N[

)
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5 T T T T T T T T T are the ones obtained for the central and total water sets. At
i | this point, we have to note the abnormally large value fir
T A water molecules the full system in the case df= 1.2 nm, which probably should
4- — be attributed to the strong orientational order of water here, in

G, (0

100

t (ps)
Figure 2. Cumulative average of the Kirkwodd factor as a function
of the simulation length fod = 1.5 nm.

TABLE 2: Dielectric Properties of Water Confined in a
Graphite Nanochannel ofd = 3.1 nn?

agreement with the density profile reported in Figure 6 of ref
22.

The common fact in all cases is th@k in the central zone
for all distances is remarkably lower than the corresponding
value for all molecules in the system. In other words, the
existence of interfaces due to confinement produces the increase
of the global dielectric constant of water. This is in agreement
with the fact that the values obtained in the adsorbed layers are
in general larger than those from central regions. As indicated
above, we tend to think that this can be attributed to the existence
of preferential orientations of water when it approaches the
interfaces (see ref 32 for details). Such orientations would favor
larger values of dipoledipole correlations and, consequently,
explain the largee observed. Interestingly, this is in good
agreement with the findings of Ballenegger and HaAséor
slab and spherical geometries, who observed the increase of
the dielectric constant when moving from bulklike regions to
the interfaces. Nevertheless, other authors such as Senapati and
Chandrd® obtained a systematic reduction ef for water

molecules . . . o . .
zone %) G ¢ C (uFlcr?) v (ps) confined in spherical nanocavities as the cavity diameter was
reduced. However, it should be pointed out that their biggest
%?Z?r:]beed?ate 3’8 f:g 137£ 35 fgg_'g 2??.': cavity size (with a diameter of 2.44 nm) is the one producing
central 602 1.6 355 18.7 71 the largest values ot (between 60 and 70), whereas the
total 100 39 8525 28.5 21.8 nanochannel of separatioi= 3.1 nm considered in the present
bulk (unconfined}* 32 66+2 5.0 work produced a value of 85 (Table 2) that should be compared
experimentdp 80 9.3

with the € obtained for water in a spherical cavity of similar

aThe percentages of water molecules located in the different regions Size.
are included. Equivalent capacitances per normal surface unit are also \when the characteristics of the surface are considered, we
given. Experimental values correspond with those of unconstrained bulk should compare our findings with those obtained for hydrophilic
water. surfaces, such as platinuih.In that case, the presence of
platinum walls reduced the value of the dielectric constant of
bulk confined water (central part of the system) to an estimated

TABLE 3: Dielectric Properties of Water Confined in
Graphite Channels of Variable Separation ¢ < 1.5 nm)

zone d (nm) € C (uFlcn®) v (pS) value of 55, clearly smaller than the experimental result for bulk
07 71+ 3 3143 350 u_nc_onstrained water (around 80). This fact is qua_litatively
adsorbed 0.9 (low density) 3.5t 0.2 8.9 56 similar to our findings: our reported value for the dielectric
0.9 (high density) 989 216.9 21 constant in the central “bulklike” region is 35, i.e., smaller than
central 2 51+ 2 150.5 6.8 the experimental bulk unconfined value as well. The explanation
15 2942 51.4 6.8 of this feature given by Nagy and Heinzinéfeconsisted in
total ié Z%ié 223:3 ;'52) assuming the Kirkwood-Booth theory which indicates that a

saturation effect produced by high electric fields is responsible
for the reduction of the dielectric constant in the central region.

Here[l.Ondicates a statistical average over different configura-  An additional discussion is about the role of water as a
tions. dielectric substance, able to screen the influence of external
The results are summarized in Table 2 for the widest case electric fields. We assumed an ideal capacitor as a “test” system.
(d = 3.1 nm) and in Table 3 for the remaining separations In this way, we included in Table 2 an estimation of the
(d = 1.5 nm). We present the cumulati@(t) in Figure 2 for capacitance per surface ur@tof a flat capacitor of surface
d = 1.5 nm as an example of the different behavior of this S = 3.44 x 3.41 nm? parallel to the graphite walls and
property for water molecules in the central zone and for all containing our simulation sets. We computed the results for such
molecules of the system, providing an indication of the influence a parameter in all regions of the system. Here, capacitance is
of confinement in the graphite slab on the dielectric constant simply computed a€ = €cSd. The general trend is the good
of water. In all simulations, the averaged molecular dipole qualitative agreement of overall values (on the order of 10
moment[zOis nearly constant~2.46 D). Comparing this to 100 «F/cn?) within the typical magnitudes of capacitance of
the value obtained for unconfined liquid water with the same interfaces in aqueous electrochemical systems (see ref 47). The
model (2.44 D)8 we see that the difference is negligible. main fact observed in the reference system of wide separation
The values of the Kirkwoo& factor near the interfaces, i.e., (d = 3.1 nm) is the large value & at interfaces, compared to
for water molecules located in the adsorbed and intermediatethe average value and © at the central part of the system.
layers showed, in general, large fluctuations and so do the For highly confined systema(= 0.7, 0.9 nm), capacitances
dielectric constants. This is reflected in the estimated errors are similar to those of adsorbed water in the former case, since
(Tables 2 and 3). Such errors are especially large in the case ofnow the central bulklike part, which helps to reduce the overall
d = 3.1 nm. We think that the values that are really meaningful value in the wider systems, is simply absent. The only

being I\7I(t) = ZiN=1 ui(t) the total dipole moment of the system.
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TABLE 4: Residence Times of Water ford = 1.2, 1.5, 3.1
nm, and Diffusion Coefficients of Oxygen Atoms in theZ
Direction, along the XY Plane, and Overall Values

T1os (PS) Trgs(PS) D Dxv

zone d(nm) D 3,5 |
0.7 1.0 15 ~0
0.9 (low density) 6.5 9.7 0.2 7
0.9 (high density) 11 1.7~0
adsorbed ;"5 32 818 18 27 003 3 —
1.5 58.4 134 2.7 3.9 0.3 >
3.1 54.0 12.0 3.7 5.3 0.3 NE T
intermediate 3.1 14.0 28 36 51 06 S -
1.2 170.4 910 19 28 0.07 trgo 2,5 Bulk (unconstrained) —
central 1.5 42.9 178 3.0 4.3 0.5 :o
3.1 127.0 575 35 49 0.8 o) T

aExpressed in 10 cn¥/s.

0—©O All water (average)
-8 Adsorbed water
¢ Water at central regions
A Water at intermediate region

remarkable difference corresponds to the case of low density
for d = 0.9 nm, where the low value ef(probably due to the
existence of large cavities in the system, allowing loss of
correlation of molecular dipole moments) is the main reason of
this effect. Intermediate cases such as those at separations of
1.2 and 1.5 nm produce values®fin the middle range of the
two extreme cases cited above.

As dynamical dielectric properties associated with the total
and molecular dipole moments, the relaxation times of tatgl (
and molecular1,) dipole moments are computed as

0,5 3,5
d (nm)

Figure 3. Diffusion coefficients of oxygens for several graphite

graphite distances.

o adsorbed water. We note that the values for bulk water are larger
— < wMDdt than those of adsorbed and intermediate water, with the

Tv=

°  m%0)d exception of the intermittent time fat= 1.2 nm. Water at the
. interfaces is very stable (with extremely large, i.e., on the order
7 = f°° Mmdt A3) of a nanosecond, values for the residence times of water in the
# 0 mz(o)g narrow separations of 0.7 and 0.9 nm, which have not been

reported). A general trend is that the smaller the separation
the longer bothr. However, it has to be remembered that the
density profiles of water along such narrow systems (see ref
22) indicate the existence of “central” water layers that cannot
Here, we just would like to point out that the largest deviations e considered similar to “bulk” water since they are strongly
from the experimental value observedin are basically due influenced by the presence of the graphite walls. Furthermore,
to interfacial effects, in such a way that we get a value of 350 noting the persistence of water molecules in each region is
ps in the case al = 0.7 nm. This indicates that dipole moments relevant to the meaningfulness of the calculation of other
remain oriented along fixed directions for long times. This effect dynamical quantities such as relaxation and reorientational times,
seems to be milder as the slab separation increases, althougkransport coefficients, and spectral densities. So, once the

Our results forry are included in Tables 2 and 3. In this
section, we will only discuss the main featuresrf leaving
the discussion om, to the section on “reorientational times”.

we still can observe long relaxation times fqy in the rest of

the graphite-graphite separationsl= 1.2, 1.5, 3.1 nm).
Residence Times of Water MoleculesThe residence times

of water molecules in their first coordination shells may be

reliability of the computation of dynamical properties had been
established, we proceeded with the analysis in the following
sections.

Self-Diffusion Coefficients.The diffusive behavior of water

defined as the mean time that a water molecule spends in itsunder confinement has been found to be significantly different

hydration shell before it moves away to coordination shells of
higher order. We can directly define two of those tinméeg
and rrces in the way described by Impey et @l.The |
superscript indicates the “intermittent” character of the computed
time; i.e., we allow the multiple re-entrance of water molecules
until they definitely leave the given region for a time period of
“infinite” length. For practical purposes, such infinite length in
time is taken to be of the order of a nanosecond. Conversely,
the C superscript indicates the “continuous” residence time, i.e.,
computed until a water molecule leaves the region for the first
time.

We collected the values of residence times of water molecules
in each region of the system in Table 4 for separatss1.5
nm. The results for the widest casedot 3.1 nm were reported
in a preliminary work? and have been added for comparison.

than that of the unconstrained ligui8i*?In this work we report

the self-diffusion coefficients of water for five distances between
the graphite slabs. We considered the diffusiiof oxygen
atoms, since the center of mass of the whole water molecule is
roughly located in the oxygen site. We compufady means

of the time integration of the oxygen velocity autocorrelation
functions or, equivalently, as the long time slope of the mean
square displacement of oxygen atoms. We distinguished between
water molecules located in each of the different locations,
basically the adsorbed layers and central regions. In the case of
the widest graphitegraphite separatiod = 3.1 nm, we have
also considered the diffusion of water molecules located in the
intermediate zone between the adsorbed layers and the central
area. Furthermore, we also computed the diffusion coefficients
along theZ direction by considering the projections of atomic

The general trend is, as expected, that the intermittent valuesvelocities and positions on thecoordinate.

are much larger than continuous ones. In the same way as for

the 3.1 nm slab, the largest differences arise in the case of

The results are presented in Figure 3 and Table 4 and
compared with the diffusion coefficient of oxygens in uncon-
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Figure 4. Unit vectors along selected molecular directions.

strained liquid water at 298 K (2.6 107 cn/s). At first sight,

we can observe that the diffusion coefficients of confined water
are generally smaller than their bulk unconstrained water
counterparts. This is in good overall agreement with the findings
obtained by Liu et at® using the TIP3P model.

Two other general trends are observed: first, that diffusion
is directly related with the graphitegraphite separation distance
d, being greater for larger distances but showing linear
dependence only for shattseparations; and second, that water

0,95

J. Phys. Chem. B, Vol. 110, No. 47, 20083991

.

u
n

OH
HH

u

e uperp.

0,9

<ut)-u1)>

0,85 — TSeal

t (ps)
Figure 5. Time correlation functions of several reorientational times
at the graphite-graphite separation af = 0.7 nm.

TABLE 5: Reorientational Times along Selected Directions

molecules located in the interfaces diffuse slower than those ©f Water Molecules Confined in Graphite Nanochannels

placed in the internal bulklike regions. The first result is, in T Ton
our opinion, directly connected with the extent of space available zone d (nm) (Ps) (PS) Tan T M
in each case, in such a way that the systems with water placed 0.7 405 995 66 63 0.9
at short graphitegraphite separations (especiatly= 0.7, 0.9 0.9 (low density) 56 35 26 23 1.0
nm) are able to pack water molecules very strongly, leaving agsorbed 0.9 (high density) 15.1 10.8 9.0 7.8 14
basically no room for translational motions. From the micro- ié 1g'g lé'83 2'75 2‘3
scopic pglnt of view, low values @ are conneptgd to mqlecular 31 87 56 46 40 29
motions in restricted areas. Nevertheless, it is interesting to notejntermediate 3.1 51 42 38 27 07
that for thed > 1.5 nm separation§) is larger than the values 1.2 58 42 35 27 12
obtained for unconstrained water. In those particular cases, acentral 15 49 44 41 29 14
large percentage of water is far from the interfaces, and i’% 1?%) 47 45 31 3lé4
consequently the influence of the walls is reduced, producing total 15 6.5 38
values ofD close to those of unconstrained water. 31 56 3.9
With regard to more specific features, we should state that: bulk 4.9 43 31 1.0
(1) the only case with an intermediate regiah=€ 3.1 nm) (unconstrainedy
produced a value db in the range of 3.5 10°5 cn?/s, very ~ experimentdf 3.6 2.6

similar to the values of bulk water; and (2) the calculation of
the Z direction diffusion coefficients fad = 3.1 nm reported
values of 0.3x 1075 cn¥/s in the interfaces, 0.6 1075 cm?/s

in the intermediate region, and 0:810-° cn?/s in the bulklike
region. This latter fact indicates that diffusion in confined water
is mainly due to molecular motions along planes parallel to the

functionsCy 4(t) for the case ofl = 0.7 nm. FromCy,(t) we
can compute the so-callegharacteristic reorientational times
(ro) along each selected molecular direction

T, = [y dtCyy(t) )

surfaces. In the case of close separations between slabs, the

diffusion along theZ direction is extremely low, on the order

These times give an indication of the mean time employed

of diffusion in solids, in the same fashion as it has been observedby a given molecular direction (that of the dipole moment, of

at high temperatures.
Reorientational Times of Water Molecules.The structural

the O—H and H-H directions, or the instantaneous direction
perpendicular to the molecular plane) to significantly change

orientational order of water at interfaces was previously its orientation in time. To be more precise, it is known that
studied32 In this work, we focus our attention on the dynamics Cu,(t) can be related with dielectric relaxation measurenténts
of the orientational properties of water. This can be ana|yzed whereas other correlation functions (not considered here) such

by means of a series of time correlation functi@hs(t) defined ~ as Czou(t) and Coi(t) are connected to nuclear magnetic
as follows resonance experiments.

Our results are presented in Table 5 for all separations
C () = [P(0,(1) 0, (0))D 4) considered in the present work. Almost all values are of the
order of magnitude of those obtained in unconstrained bulk
whereP; is thelth Legendre polynomial an@l, is a unit vector water simulations, i.e., between 3 and 5 ps. Not surprisingly,
along a given molecular direction. We considered only the case the results on the central regions are basically equal to those of
of | =1 and four unit vectors1l, defined along the molecular  bulk water, with fewr sensitive to changes in the slab separation,
dipole moment directiorjon andlyy along the G-H and H-H except for the case of adsorbed water, when all reorientational
directions, andip = 0, x Onn. The latter is perpendicular to  times rise up to higher values. The most remarkable changes
the instantaneous molecular plane (see Figure 4). As an examplearise when we consider the strongest confinement fsr0.7
we show in Figue 5 a comparison of the four correlation nm. In this particular case, water shows huge reorientational

(1=1,2)
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times (a trend that was already observed for residence times), 0,04

so changes along all defined axes are extremely slow. As a

secondary general trend, we observed qualitatively similar 0.03
behavior of water reorientation as a function of the spatial

direction, i.e., there is a tendency to isotropy in all cases. It 3
should be pointed out that in the case of hydrophilic surfaces e 0,02
such as platinurf? the relaxation times of the molecular dipole

moment were found to be of around 3 ps in bulklike regions 0,01

and to increase to about 8 ps for the adsorbed water layers.
Remarkably, the trends and values reported in this study are

very similar. O A1 L O d=12m
A closer look atr, reveals that it is markedly affected only 0,03 <[\ ™. Iy
in the case of adsorbed water, basically due to the extra ordering CF : — Bulk unconstrained

induced by the graphite walls in their closest molecules. In the
other cases its value is very close to 5. The raifr, gives an
indication of the weight of cross correlations in the reorientations
of the dipole moment3-55the value being close to 1 for ideal
gases and deviating from such value as the system approaches
the characteristics of a liquid. In the casedf 3.1 nm, we
again observe that the value for the total system is larger than
the value for the central part, giving an indication of the 0 100 200 _1300 400 500

influence of water located close to the graphite slabs. The value o (cm )

for the unconfined bulk liquid is close to the latter but somewhat Figure 6. Spectral densities of oxygens for adsorbed water (top) and
lower than the experimental one. This fact indicates that the in central regions (bottom) for several graphitgaphite distances. The
model used in this work tends to underemphasize the role of case ofd = 0.9 nm corresponds to the high-density case.

crossed terms in the total dipole moment autocorrelation
function. For systems where the separations between the graphit
slabs are smalled < 1.5 nm, we found huge values of in

the case ofl = 0.7 nm and relaxation times typically large for
adsorbed water at interfaces, of about 2 or 3 times those o
central regions. This is directly seen in the case &f 0.9 nm

at high density and indirectly observed by comparison of value
from total and central regionsl & 1.2, 1.5 nm). The only case
with smaller relaxation times is fat= 0.9 nm and low density,
where water molecules have some additional room to move an
rotate, allowing longer. We observed that the ratiqu/z, is
close to 1 at interfaces and that it increases in the central regions
where the influence of the walls is milder.

Molecular Spectroscopy.Microscopic dynamics of liquids
is usually studied from the experimental side by means of
molecular spectroscopy measurements. In this work we will
present a series of spectral densities which can be directly
compared with infrared or Raman défaat least concerning
the location of the spectral bands. To do this, we computed
spectral densitie§(w) through the Fourier transforms of the
hydrogen and oxygen velocity autocorrelation functions
[#()-z(0)0J following a standard procedure already employed d = 0.7 nm (which roughly corresponds to 0.68 nm in ref 12):

in previous works (see ref 44). a single band centered around 80 ¢énis observed in both
The results for short distance slab separations are includedyygrks.
in Figures 6 and 7 and those for long distances are displayed in High-frequency vibrations are analyzed in Figures 7 and 8.
Figures 6 and 8. In the case of spectral densities of hydrogens|n Figure 7 we explored the cases of the narrowest graphite
(Figure 7), the full spectral range has been separated into threeyraphite separationsi(< 0.9 nm), compared with the corre-
parts: rotational motionSs(w), bending vibrationss(w), and sponding spectral density of hydrogens of adsorbed water at
stretching vibrationss(w). d = 3.1 nm. The differences between the adsorbed and central
In the low-frequency region (8400 cnt?), two main bands region water are reported in Figure 8 by means of the spectral
are observed in the experimental spectra (see ref 56 for adensitiesSi(w) and S(w), respectively. Here we only consid-
discussion about their physical meaning), one around 50tcm ered large values af (d > 1.2 nm), since only in those cases
(band A), associated with restricted translations of water inside can we clearly observe distinct adsorbed and central water
the cage of neighboring molecules, and a second band locatednolecules. In all cases, the spectral shifts will be defined as
around 200 cm! (band B), which can be regarded as the the differences of the maxima of spectral bands with respect to
signature of hydrogen-bond stretching vibrations. The details the corresponding maxima in the bulk system.
must be investigated from Figure 6, where oxygen spectral The range between 300 and 900 @mcorresponds to
densities are presented, since those low-frequency motions are@otational motions of the instantaneous molecular plane and
mainly due to the slow vibrations undertaken by oxygens. At reveals (Figure 6) slight displacements of the central band

Jdow graphite-graphite separations (top of Figure 6), we observe
that band A is blue-shifted by 50100 cnt!in the more packed
systems (0.7 and 0.9 nm high density separations). This indicates
fthat extreme packing tends to produce restricted translations of
water at higher frequencies. In the case of wide graphite
s graphite separations (bottom of Figure 6), the tendency is to
converge to the value of unconstrained bulk (50 &m
Concerning band B, only for the casedbf 0.7 nm a significant
dspectral shift (the band is centered close to 400 %nis
obtained. This is in reasonable agreement with the idea to assign
this band to hydrogen-bond stretching vibrations, which are
basically local motions that should not be very affected by
confinement effects. However, when confinement is forcing
water to have a quasi-two-dimensional structure (i.e.dfer
0.7 nm) instead of the usual tetrahedral ordering in bulk water,
such vibrations are dramatically affected. In our opinion, this
is surely related to the stronger interactions between water and
the graphite walls, which would be responsible for higher
frequency vibrations. Furthermore, the comparison of our results
with those from Choudhury and Petfitwho used the rigid
SPC/E model, indicates an excellent agreement for the case of
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Figure 7. Spectral densities of hydrogens for adsorbed water at slab separatidns 6f7 nm (dot-dashed linefl = 0.9 nm at low density
(dashed line), and = 0.9 nm at high density (dotted line). For the sake of comparison, we included the spectrum of adsorbeddvatgrlabm
(solid line). The arrows indicate the maxima of each spectral band in the case of bulk unconstrainéd water.

L L L L L remarkable in the case of extreme packihg; 0.7 nm), whereas
systems at low density tend to have bending frequencies closer
to the gas-phase values (1 594 ¢rfor unconstrained watef).

For large separations! (> 0.9 nm), no significant differences
are found between the frequencies of the bending motions of
bulk and interfacial water.

Finally, in the stretching region (286@+000 cnT?) we again
found relevant changes in the cases of low distandes (.9
nm) and low densityd = 0.9 nm, 0.0047 g/c&. Now we
observe the red-shift of maxima of spectral bands in the highly
packed systems with respect to the value of our reference
system, i.e., fod = 3.1 nm. Another new fact is the tendency
of interfacial water (especially fat = 3.1 nm) to blue-shifting
(top of Figure 8). It is difficult to explain this effect using simple
arguments, but we believe that two factors are playing a role:
on one hand the size of the adsorbed region, and on the other
hand the interactions with the walls and the surroundings
(internal water).

1 | 1 |

04008001200 1600 2000 2400 2800 3200”3600 - 2000 For low d (Figure 6), a small displacement to lower
(em”) frequencies is observed for water at extreme confinentest (
Figure 8. Spectral densities of hydrogens for adsorbed weag)) 0.7 nm), and the splitting of the stretching band into two parts
and in central regionst(w)) for d = 1.2 nm. is found for the particular case of= 0.9 nm, 0.0047 g/cin

This latter fact is, in our opinion, due to the increase in the

(located at 505 cmt in bulk unconstrained wat&). The new number of water molecules with nonbonded hydrogens, taking
facts are as follows: (1) The displacement of this bang4@0 place in a similar fashion to what happens in other highly
cmtin the case ofl = 0.9 nm at low density. This could be  constrained systems, such as water inside carbon nanétubes.
related to the slow librations typical of gases, since the structure This is in good agreement with the facts that (1) such particular
of water in this particular case includes large regions where case includes large vacuum-interface regions and (2) stretching
water is surrounded by vacuum areas (see ref 32). (2) Theof water at the gas-phase happens at higher frequencies{3650
appearance of a new peak around 650 €for the narrowest 3750 cn1?) than in liquid ambient&?
separation of 0.7 nm has to be clearly attributed to a confinement
effect _vvh'ich v_vould involve fas_ter_r_otation_s along tK¥ plane. ~ Concluding Remarks
For this librational band, no significant differences are seen in
the case of wided > 0.9 nm) separations when spectra from Molecular dynamics simulation has been applied to the
water located at the adsorbed and central regions are comparedalculation of electrostatic, dielectric, and dynamical properties
(Figure 7). of liquid water constrained by graphite slabs at variable

In the bending region (14061900 cnt?), the most relevant  separation. We observed an overall surface potential drop of
feature is the blue-shift in the spectra of highly packed water —0.28 V in the electrostatic potential profile, this being almost
systems d = 0.7 nm andd = 0.9 nm at high density) when 1 V smaller than in the case of a typical hydrophilic metal
compared with the spectrum of the widest= 3.1 nm slab. surface such as Pt(100). Fluctuating electrostatic interactions
However, in the case af = 0.9 nm at low density there is no  are stronger in molecules that are closer to the interfaces. An
clear shift. We tend to believe that extremely confining slabs increase of the dielectric constant is observed when the interfaces
force water to internally vibrate at higher frequencies (most are approached from the central bulklike regions. We think that
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this effect has to be attributed to the better ordering of water in (9) Zhu, S.-B.; Robinson, G. Wi. Chem. Phys199Q 94, 1403.

the interfaces, where two preferential orientations were found. 20(}8)5('5\"3”“3*“'0"’ S. 1., Khabibullaev, P. K.; Netz, R.[Eangmuir2004
Such larger ordering degree would induce the existence of ’(11) éhoudhury’ N.: Pettitt, B. MJ. Am. Chem. So2004 127, 3556.

stronger correlations between molecular dipole moments, and (12) Choudhury, N.; Pettitt, B. MJ. Phys. Chem. B005 109, 6422.

in consequence, they would be responsible for the larger valueslgég»)loFéogng% M.; Ricci, M. A,; Vellati, D.; Bruni, FJ. Chem. Phys.
of . . . o . (14) Spohr, EChem. Phys199q 141, 87.

Concerning resldence an.d reonentgnonal times of water  (15) Rustad, J. R.; Felmy, A. R.; Bylaska, EGeochim. Cosmochim.
molecules in the different regions, there is a general trend which Acta 2003 67, 1001.

basically consists of the slowing down of molecular motions 105(31?)96?g$mns' L. R.; Skaf, M. S.; Ladanyi, B. M. Phys. Chem. B004
as the systems decrease in size (or accessible volume) and as”(17) Leng, v.; Cummings, P. TPhys. Re. Lett. 1993 70, 2313.

water molecules are closer to interfaces, with some marked cases (18) Gordillo, M. C.; Mart) J.J. Chem. Phys2002 117, 3425.
such as those of strongest confinement (especiallyl for0.7 (19) Striolo, A.; Chialvo, A.; Cummings, P. T.; Gubbins, K.lEangmuir
nm), where the severe packing and ordering of water suggests2003 19, 8583.

. - . . . . . (20) Cabrera Sanfelix, P.; Holloway, S.; Kolasinski, K. W.; Darling, G.
long-lived configurations and typical regimes for reorientations Rr. surf. Sci.2003 532, 166.

on the order of a nanosecond. (21) Pertsin, A.; Grunze, MJ. Phys. Chem. B004 108 1357.
The diffusive behavior of water is affected by confinement, 055127%)7G°fd"'0v M. C.. Nagy, G.; MaitiJ.J. Chem. Phys2005 123

in line with the results obtained for water confine_d in_side carbon (23) Hummer, G.; Rasaiah, J. C.; Noworyta, J.Nature 2001, 414
nanotube$? Here, we found a dramatic reduction in the self- 183.
diffusion coefficient of water in the case of the narrowest  (24) Gordillo, M. C.; Mart) J. Phys. Re. B: Condens. Matter Mater.

. . . . Phys.2003 67, 205425.
graphite-graphite distancesd(< 0.9 nm) compared with the (25) Striolo, A.; Chialvo, A.; Cummings, P. T.; Gubbins, K.EChem.

typical values of bulk water and values close to the experimental phys 200§ 124, 074710.

bulk valué® (about 2.3 x 1075 cn¥/s) for all the wider (26) Senapati, S.; Chandra, A. Phys. Chem. R001, 105, 5106.
separations. In the particular casedof 3.1 nm, the diffusion gg ggﬂg?eg%e%*?s'f‘aggﬁgye ﬂ]gfﬁ;‘fgdoihigoggsgz 114711
is close to the value of bulk unconst_ralned water, whl_ch |_nd|c_ates (29) Nagy, G.J. Electroanal. Cheml996 409, 19,

that the extent of space available is the key factor in diffusion,  (30) Ricci, M. A.; Bruni, F.; Gallo, P.; Rovere, M.; Soper, A. K.
far more important that the watesurface interaction, at least ~ Phys.: Condens. Matte200Q 12, A345.

for hydrophobic walls. (31) Scodinu, A.; Fourkas, J. T. Phys. Chem. R002 106, 10292.

. 32) Marfi, J.; Nagy, G.; Gordillo, M. C.; Gudia, E.J. Chem. Phys.
Spectroscopy has been considered the means of the computago(()a )124 0$4703. o Y

tion of power spectra of oxygen and hydrogen atoms. In  (33) Liu, P.; Harder, E.; Berne, B. J. Phys. Chem. B004 108 6595.
summary, we observed marked spectral shifts in the cases ofph(34%0'\6|fr233-1:6%2r3d01||0, M. C.Phys. Re. B: Condens. Matter Mater.

. . . . . . VS. , .
high confinement, i.e., for the lowest graphﬂgra_lpmte dis- (35) Kolesnikov, A. I.; Zanotti, J.-M.; Loong, C.-K.; Thiyagarajan, P.;
tances. In those cases, we expect that such displacements afioravsky, A. P.; Loufty, R. O.; Burnham, C. Bhys. Re. Leit.2004 93,
spectral bands might be detected by appropriate infrared 035503.

spectrum measurements in the way that the infrared spectra of 8% g"g:&"”ﬁ; aa(jcfQJMaAE{;?uggLaﬁwEbJﬁ gote';éqd()lg%‘;g% 4117'
low-temperature (92 K) water has recently been stuéfied. (38) Spohr, EJ. Chem. Phys1997, 107, 3{33{42. T
(39) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; DiNola,
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