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Gibbs ensemble simulation of water in spherical cavities
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~Received 8 February 2000; accepted 26 June 2000!

Chemical equilibration with a bulk reservoir is the crucial problem in computer simulations of
liquids in confined geometries. The Gibbs ensemble simulation method is used in the present paper
to solve this problem for water in pores. MC simulations of TIP4P water in spherical cavities with
smooth surfaces and radii from 6 to 15 Å were done in equilibrium with bulk water atT5300 and
350 K. Chemical equilibration between confined and bulk water was obtained by an essential
number of molecular transfers. To our knowledge this is the first application of the Gibbs ensemble
simulation method for the equilibration of two dense liquid water systems. As most important result
we find that liquid water exists in a cavity only if the water–substrate interaction exceeds some
critical value. An increase of the average water density by about 20% with the strengthening of the
interaction is observed. For all systems there are two prominent water layers near the cavity surface
which exhibit strong orientational ordering. The pair correlation functions evidence a strong
distortion of the tetrahedral water structure in the first, outer layer towards a square lattice
arrangement. The diffusivity of the water in the cavity always decreases with respect to the bulk.
© 2000 American Institute of Physics.@S0021-9606~00!50336-5#
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I. INTRODUCTION

The investigation of water which is confined in differe
environments is of great importance for the understandin
many technological and biophysical processes. Its struct
and dynamical properties differ essentially from the bu
This is caused by both the geometrical confinement and
interaction with the interface.

The behavior of water confined in pores was the sub
of numerous experimental and theoretical studies. Free
experiments show the existence of two kinds of water
pores: ‘‘free’’ water in the center of the pore and ‘‘bound
water near the pore surface.1–12 The shift of the freezing
temperature of the ‘‘free’’ water achieves260 K ~Ref. 11!
and is roughly inversely proportional to the pore radius
accordance with Kelvin’s equation.4,5,8,11 On freezing,
‘‘free’’ water transforms into cubic ice1–3,8–11,13and its sta-
bility with respect to the ordinary hexagonal ice increases
the pore becomes smaller.3 For the ‘‘bound’’ water the phase
transition is smeared out and its temperature range~180–220
K! does not depend on the pore size.6,8,11 Estimations of the
thickness of the ‘‘bound’’ water layer by different exper
mental methods3,4,6–8,11,12,14,15yield 1–3 water monolayers
In pores with a radius of less than approximately 10–12
only ‘‘bound’’ water remains and there is no sharp solid
liquid phase transition in such small pores.6,8,11,16,17X-ray
diffraction experiments show that the ‘‘bound’’ water po
sesses little short-range order.3

The diffusivity of water decreases in confined enviro
ments with respect to the bulk behavior.18–23 This effect
strengthens with decreasing pore size.19,20 Slowing-down of
the water diffusivity by an order of magnitude wa
observed.19,20,21Experimental investigations of water adsor

a!Author to whom correspondence should be addressed.
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tion in pores with different ratios of hydrophilic and hydro
phobic groups on the wall show, that liquid water stops p
etrating the pore sharply at some level of hydrophobicity5

Numerous molecular dynamics~MD! and Monte Carlo
~MC! simulations of water in slitlike,24–54 cylindrical,55–60

and spherical61–66 pores were reported. Smooth and stru
tured substrates with different strengths of water–subst
interactions were considered. For strong water–substrate
teraction~metallic and polar substrates! the variation of the
water density along the distance from the surface sho
strong layering with a few distinct layers and a local dens
maximum in the outer water layer exceeding 2
g/cm3.27,29,33–36,38–40,42,43,45,47,48,50–56,59Water near a weak-
interacting substrate24–26,28,30–32,37,41,42,44,46,49–51,57,58or near
a free surface59,67,68 shows weak layering without essenti
density variations. In all cases water molecules show ori
tational ordering near the interface with a tendency to ke
the orientation of the dipole moment parallel to the surface
order to maximize the number of water–water hydrog
bonds. When calculating the water self-diffusion coefficie
in pores, both decrease37,42,47,52,56,60 and
increase25–27,31,42,58,64of water diffusivity with respect to its
bulk behavior were obtained.

The degree of water layering near the surface, its ori
tational ordering and molecular mobility depend on t
strength of the water–substrate interaction, details of the s
strate structure, and on the average water density in the p
The more or less arbitrary choice of the number of wa
molecules in the pores is one of the main sources of
observed discrepancies. The necessity to provide a co
chemical equilibration of the pore water with a bulk reserv
was emphasized by many authors.33,43,44,51,58,60

Circumventing this equilibration, in most of the abov
mentioned simulations the water density in the pore w
fixed at approximately the bulk density. However, a simp
6 © 2000 American Institute of Physics
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5027J. Chem. Phys., Vol. 113, No. 12, 22 September 2000 Water in spherical cavities
adjustment of the average water density to the b
value24–30,32,33,37,46,50,56,57,61,64,65does not mean that confine
water is in equilibrium with the bulk. This is clearly seen
simulations of liquids in pores with different water–substra
interactions. Strengthening of this interaction results in
adsorption of the liquid on the pore walls, whereas the p
center becomes empty. An adjustment of the liquid den
in the center of the pore to its bul
value31,39,41,49,52–54,58,60,62,63could not solve this problem
Such an approach assumes that the amount of the liqu
the center of the pore, which is not disturbed by confinem
and interactions with the surface, is sufficient to reprodu
the bulk behavior. This may be correct for large slitlik
pores, but it is obviously not correct for nanopores and
pecially pores of cylindrical or spherical geometry.

A natural way to obtain systems in chemical equilibriu
are simulations in the grand canonical ensemble~GCE! ~Ref.
69! or Gibbs ensemble~GE!.70,71 They were widely used for
the simulation of simple model liquids in pores of differe
types@GCE ~Refs. 72–75! and GE~Refs. 71, 76–78!#. The
main problems in such simulations are connected with
necessity to provide an essential number of molecular in
tions ~deletions! into ~from! the dense liquid phase. Thes
problems grow sharply for such dense and associated liq
as water. In view of these difficulties most of the simulatio
of water in pores were done without chemical equilibrati
with the bulk and with a rather arbitrary choice of the wa
density in the pores.

To avoid molecular transfers, some indirect and appro
mative techniques were used: simulation in the isotens
ensemble,44 use of a linear superposition approximation f
the density,43 simulation of a pore and bulk water in on
box.51 In all these cases questions remain about the vali
of these approaches for liquid water and about the qualit
the chemical equilibration.

There are only a few simulations of water in pores us
the grand canonical ensemble with the bulk value of
chemical potential.35,36,38,47,55The quality of the chemica
equilibration with the bulk in such an approach depends b
on the accuracy of the computation of the chemical poten
of the bulk water and on the equilibration of the pore wat
The latter factor is determined mainly by the number of s
cessful insertion and deletion of molecules. With the ad
tional problems of the accurate calculation of the chem
potential of liquid water,79,80 the possibility to avoid such
calculations in a Gibbs ensemble simulation is attractive

A Gibbs ensemble simulation of confined water in eq
librium with water vapor was reported,45,81 but there are no
such simulations in equilibrium with liquid water. Thes
kinds of simulations provide the most direct and accur
way for equilibration of confined and bulk water by an e
sential number of molecular transfers between the
phases. As mechanical equilibrium has not to be establis
explicitly in such systems,71 the bulk water may be kept a
constant pressure and temperature, and simultaneously
pore water at the same temperature and constant pore
ume. There is a close resemblance to grand canonical
semble simulation, but instead of specifying a common va
of the chemical potential for both systems, the simulat
Downloaded 07 Oct 2004 to 129.217.216.20. Redistribution subject to AI
k

n
e

ty

in
nt
e

s-

e
r-

ds
s

r

i-
n

ty
f

g
e

th
al
.
-
i-
l

-

e
-
o
ed

the
ol-
n-
e
n

box with the bulk water is used for chemical equilibratio
directly. This procedure yields a higher accuracy of the sim
lation by speeding up the equilibration process. This is
main reason of our decision to use Gibbs ensemble sim
tion in the present paper.

In the present paper water in spherical cavities in eq
librium with a bulk reservoir was simulated in the Gibb
ensemble. The dependence of the structural and dynam
water properties on water–substrate interaction, cavity s
and temperature is analyzed.

II. SIMULATION METHOD

512 TIP4P water molecules in a cubic box with period
boundary conditions were used to reproduce bulk wate
P51 bar andT5300 K, respectively 350 K. Intermolecula
interactions were calculated up to a cutoff distance of 12
and long-range corrections were included for the Lenna
Jones potentials only. Spherical cavities with radiiRc from 6
to 15 Å were considered. The water–water interactions in
cavity were calculated without cutoff. The water–substr
interaction was simulated as a Lennard-Jones~9-3! potential

Uw–s~r !5e@~s/r !92~s/r !3#,

where r is the distance between the oxygens and the s
strate. The parameters in this potential was fixed to 2.5 Å
the parametere varied to change the well-depthU
520.385e from 20.46 to 25.77 kcal/mol. This range o
strength of the water–substrate interaction approxima
corresponds to a variation of the substrate from hydrocarb
like to metallic. The LJ~9-3! potential withs52.5 Å results
from the integration over a substrate with flat, nonspheri
surface and uniformly distributed LJ~12-6! centers withs
53.5 Å. In order to estimate the effect of curvature on t
water–substrate interaction, numerical integrations over
~12-6! centers surrounding spherical cavities of different
dii were done with the same fixed density of the substra
The value ofs remains practically the same as for the fl
substrate (s52.5 Å), whereas the well-depth increases a
proximately by a factor of 2.5 (Rc56 Å), 1.80 (Rc59 Å),
1.54 (Rc512 Å), and 1.41 (Rc515 Å). Initial configura-
tions were produced by equilibration in the NPT ensem
for bulk water and in the NVT ensemble for water in caviti
with various numbers of molecules.

The chemical equilibration of the water in the cavi
with bulk water was provided by simulations in the Gib
ensemble. In order to determine the density of the cav
water in equilibrium with the bulk, an essential number
transfers between the two simulated systems must be
vided. The insertion of molecules was done as follows:~a! a
position and orientation for insertion was chosen random
~b! the distances between the atoms of the inserted mole
and the atoms of its neighbors were calculated;~c! if at least
one of these distances is shorter than some ‘‘critical’’ val
the new configuration is rejected immediately, otherwise
ergetical calculations follow. The choice of the ‘‘critical’
interatomic distances was done on the basis of the diffe
pair distribution functions, calculated for water both in th
bulk and in the cavity. They correspond to the largest int
atomic distances, which are never observed in long-term
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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nonical MC simulations. These values are not very sensi
to the water density and were fixed at 2.35 Å for the O–
distance, 1.40 Å for the O–H distance, and 1.30 Å for
H–H distance. Similarly, in the case of insertions in the c
ity, a ‘‘critical’’ value of 2.0 Å was chosen for the oxygen
wall distance. Another problem in the Gibbs ensemble sim
lation of two liquid dense phases is the deletion
molecules. The energetic distribution of water molecules
the dense phase typically posses a maximum at appr
mately 220 kcal/mol, whereas the lowest energies of ra
domly inserted molecules are usually higher than212 to
213 kcal/mol. This means that it is most efficient to use
the deletion water molecules from the high-energy tail of
distribution. In this case the probability of acceptance of
new configuration must be corrected by multiplying it wi
some factorPc , which is equal to the probability to find
water molecules with energies, higher than some cho
‘‘cutoff’’ value Uc . This value was chosen between210
and 213 kcal/mol, depending on the system. The cor
sponding values ofPc are in the range of 0.005–0.1.Pc was
calculated before each set of attempts to transfer molec
and running averages were used in order to improve the
curacy ofPc during the simulations, For a fixed value ofUc

a single value ofPc had to be calculated for bulk wate
whereas for the water in the cavity a set ofPc(N) was used.
With a decreasing fraction of water molecules, used for
letion, the efficiency of successful deletions improv
whereas the accuracy of the correction factor for the acc
tance probability decreases. This effects the length of
equilibration, but there were no other noticeable chang
Another important factor is the choice of the appropriate
tio of moves within the simulation boxes and between the
The equilibration process becomes unstable, when the t
mal equilibration of the two boxes between successful tra
fers is not sufficient.

One Gibbs ensemble simulation step consists of~1! ther-
mal equilibration with 1000 MC moves~translational and
rotational! in both systems and 2 attempts to vary the volu
of the bulk phase in order to impose constant pressure;
acceptance probabilities between 40% and 50% in all ca
~2! chemical equilibration of the two systems by the transf
of randomly chosen molecules; a series of 0.53105 to 1.5
3106 attempts yields a probability of a few to 50% to g
one successful transfer, depending on the state of the
tems. If the transfer is accepted, the number of water m
ecules in the cavity changes accordingly. The transfer fr
and to the bulk actually is ignored, because it is simulate
fixed P and T. In order to be sure, that the system is n
trapped in some metastable state, we always start from
different initial configurations of water in the cavity—wit
high and low density. For the cavity with a radiusRc

512 Å this corresponds toN.100 and N520– 25 mol-
ecules, respectively. In any case the number of succes
transfers was greater than 2^N&, where^N& is the final aver-
age number of water molecules in the cavity. This mean
sharp increase of the simulation time with increasing p
size.

Increasing the temperature from 300 K to 350 K resu
in an essential speed up~a few times! of the equilibration
Downloaded 07 Oct 2004 to 129.217.216.20. Redistribution subject to AI
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process, whereas its decrease to 275 K results in a slow
down of the same order.

III. RESULTS

A. Gibbs ensemble simulations

Equilibration processes are presented for some syst
in Fig. 1. For weak water–substrate interactions@Fig. 1~a!#
the cavity empties during the equilibration process, wher
for stronger water–substrate interaction@Figs. 1~b! and 1~c!#
the cavity fills with water molecules. An equilibrium valu
of the number of water molecules in the cavity is obtain
from long term runs. The dependence of this number on
well-depthU of the water–substrate interaction for differe
cavities is presented in Fig. 2. In this figure the data poi
with N50, representing finally empty cavities, correspond
cavities with Rc512 Å, U520.46; 20.77; 21.15, and
21.54 kcal/mol, and withRc56 Å, U521.93 kcal/mol.
For most of the simulated systems the final number of wa
molecules in the cavity did not depend on its initial numb
The only exception is the system withRc512 Å and U
521.54 kcal/mol. It becomes empty when the simulati
starts from a low-density initial configuration~as it is shown
in Fig. 2!. For a high-density initial configuration, the num
ber of water molecules varies in the range from 80 to 1
molecules without a tendency to reach equilibrium even d
ing long-term calculations~few times longer than typical cal
culation for such systems!.

FIG. 1. Change of the number of water molecules in spherical cavi
(Rc512 Å, T5300 K) during the equilibration period of some Gibb
ensemble MC simulations. Water–substrate interaction~a! U
521.16 kcal/mol;~b! U521.93 kcal/mol;~c! U524.62 kcal/mol.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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The data presented in Fig. 2 evidence the existenc
some critical value of the water–substrate interaction par
eter U. Liquid water exists in spherical cavities withRc

512 Å only if U,21.5 kcal/mol and this critical value be
comes more negative for smaller cavities~see the results fo
cavities withRc56 Å, Fig. 2!. The above mentioned insta
bility in the equilibration process for the system withRc

512 Å and U521.54 kcal/mol may be attributed to it
proximity to the boundary value.

When discussing the influence of the cavity size on
water density in identical substrate materials, the effec
curvature on the water–substrate potentials~as discussed in
Sec. II! must be taken into account. This results in a scal
of the parameterU of Fig. 2 by a factor of 1.62 for a cavity
with Rc56 Å, by a factor of 1.17 for a cavity withRc

59 Å and by a factor of 0.92 for a cavity withRc515 Å
~using the cavity withRc512 Å as the reference system!.

The average density of the water in the cavities depe
essentially on the parameterU. It increases by 12%, 18%
and 34% for cavities withRc515 Å, Rc512 Å, and Rc

59 Å, respectively, whenU changes from21.93 to24.62
kcal/mol. A temperature increase from 300 K to 350
causes a slight decrease of the number of water molecul
the cavity by a few %. Estimates of the average water den
in small cavities are subject to a certain arbitrariness in
determination of the volume which is accessible to the wa
In Table I values of the water densityr are presented which
were obtained by assuming that the water occupies a sp
with radiusR5RC2s/2, wheres52.5 A corresponds to the
water–substrate interaction potential.

FIG. 2. Dependence of the equilibrium number of water molecules
spherical cavities on the water–substrate interaction well-depthU: stars,
Rc515 Å; circles,Rc512 Å; squares,Rc59 Å; triangles,Rc56 Å ~closed
symbols,T5300 K; open symbols,T5350 K).
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B. Structural properties of water in spherical cavities

The integer values closest to the average numbers^N& of
water molecules given in Table I were used for the simu
tion and analysis of the structural and dynamical proper
of water. MC simulations were done in the canonical NV
ensemble, structural analysis was performed every 1000
steps during runs of 23105 configurations. In Fig. 3 wate
density profiles along the cavity radius are presented.
water density was calculated based on the positions of
centers of the O and H atoms. Strong layering of water ex
in all systems and a temperature increase to 350 K has
essential effect on it. Even for the weakest water–subst
interaction for which water still exists in the cavity (U
521.93/kcal/mol), the water density profile exceeds 2
g/cm3 in the first outer layer@Fig. 3~f!#. This means that
water can exists in cavities~in equilibrium with the bulk
water at the givenP andT! only, when prominent layers ar
formed. For small cavities (Rc56 Å) only one water layer
remains@Fig. 3~a!#. The analysis of the structural propertie
of the cavity water was done separately for the different w
ter layers. The layer thiknesses were determined by the
tances between the minima in the water density profile~Fig.
3!. The properties of the water layers are described in Ta
II.

When calculating the pair correlation functions of a li
uid in a confined geometry, the excluded volume effect m
be taken into account.82 In our case, the spherical shell
constructed around given sites to determine radial distri
tion functions are overlapping only partly the spherical v
ume of radiusRS occupied by the molecules in the cavitie
Uncertainties in the determination ofRS enter into the com-
putation of this reduced volume. We choose this param
as the largest distance from the center of cavity, where
considered sites were observed during the simulation.
same valuesRS were used for the determination of the ave
age density of the sites to normalize the pair correlation fu
tions. The values ofRS for O and H atoms were calculated i
advance. These values ofRS are lower than the cavity radiu

n

TABLE I. Parameters of the simulated systems:Rc , cavity radius;U, well-
depth of the water–substrate potential;T, temperature;̂N&, equilibrated av-
erage number of water molecules in the cavity;r, average water density in
the cavity.

System Rc(Å) 2U ~kcal/mol! T ~K! ^N& r ~g/cm3!

1 15 4.62 300 375.6 1.03
2 15 1.93 300 338.4 0.93
3 12 4.62 300 178.3 1.02
4 12 4.62 350 171.1 0.98
5 12 5.77 300 181.6 1.04
6 12 3.85 300 175.5 1.01
7 12 2.69 300 157.2 0.90
8 12 1.93 300 151.8 0.87
9 12 1.93 350 144.2 0.83

10 9 4.62 300 64.9 0.99
11 9 4.62 350 62.5 0.96
12 9 1.93 300 48.4 0.74
13 9 1.93 350 45.2 0.69
14 6 4.62 300 12.1 0.81
15 6 4.62 350 11.7 0.78
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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5030 J. Chem. Phys., Vol. 113, No. 12, 22 September 2000 Brovchenko, Paschek, and Geiger
Rc by 2.2–2.4 Å for O atoms and by 1.4–1.5 Å for H atom
in all cases. Two different approaches were used to calcu
the pair correlation functions in the water layers:~a! at least
one of the sites is in the analyzed layer;~b! both sites are in
the analyzed layer. In the latter case also the volume of
other layers was excluded in the calculations.

Radial distribution functionsgO–O(r ) in the cavities and
in bulk water are presented in Fig. 4. The changes wh
appear in the cavities at larger @Figs. 4~a! and 4~b!# reflect
directly the strong layering of water near the cavity wall.
general,gO–O(r ) approaches the bulk function with decrea
ing water–substrate interaction. However, some peculiar
are observed for all systems: the appearance of additi
intensity on the higherr side of the first maximum; a de
crease of the second~at 4.4 Å! and third ~at 6.7 Å! maxi-
mum; the appearance of an additional maximum around 5
Å. An analysis of the radial distribution functions in differe
water layers shows that these new features corresp
mainly to correlations within the first water layer. In Fig.
radial distribution functionsgO–O(r ) are presented for the

FIG. 3. Water density along the cavity radius:~a! Rc56 Å; U
524.62 kcal/mol ~system Nos. 14 and 15, Table I!; ~b! Rc59 Å; U
524.62 kcal/mol ~Nos. 10 and 11!; ~c! Rc512 Å; U524.62 kcal/mol
~Nos. 3 and 4!; ~d! Rc515 Å; U524.62 kcal/mol~No. 1!; ~e! Rc59 Å;
U521.93 kcal/mol~Nos. 12 and 13!; ~f! Rc512 Å; U521.93 kcal/mol
~Nos. 8 and 9!; ~g! Rc515 Å, U521.93 kcal/mol~No. 2!. Solid lines,T
5300 K; dotted lines,T5350 K. Vertical dashed lines indicate the center
cavities.
Downloaded 07 Oct 2004 to 129.217.216.20. Redistribution subject to AI
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first, outer layers of water in different cavities. The diffe
ences of thegO–O(r ) to bulk water@Fig. 5~e!# increase with
strengthening of the water–substrate interaction@Figs. 5~d!
and 5~c!# and decreasing cavity size@Figs. 5~c! and 5~b!#.
They are most pronounced when only atoms inside the
layer are considered@Fig. 5~a!#. The tetrahedral structure o
water is distorted in the cavities: the shift of the seco
maximum ofgO–O(r ) by 0.15 Å corresponds to a change
the OOO-angle from 107° to 102°. The shift of the thi
maximum by 0.4 Å reflects still stronger distortions of th
long-range tetrahedral structure of water in the cavities. T
position of the new maximum ofgO–O(r ), appearing at 5.45
Å, corresponds to a doubling of the first maximum distan
of 2.75 Å. All above mentioned features of thegO–O(r ) show
that the tetrahedral structure of water diminishes in cavi
and some features of a square lattice structure in the ou
most water layer appear.

For the analysis of the orientational ordering of wa
molecules in cavities cosa-distributions were calculated fo
the anglesa between the intramolecular OH-vectors and t
radius vector~Fig. 6! as well as between the dipole mome
and the radius~Fig. 7!. In the small cavity (R56 Å) with a
single water layer all water molecules have an orientation
the OH-vector along the radius away from the cavity cen
with a50° or with a5114°, close to the tetrahedral valu
@Fig. 6~a!#. This is confirmed by an analysis of the dens
profile of H atoms along the cavity radius@Fig. 8~a!#: the
additional maximum at 2 Å from the surface corresponds t
an orientation of the OH bonds away from the cavity cen
along the radius~its distance to the maximum in the oxyge
density profile is equal to 1 Å!. This structure results in two
preferential orientations of the dipole moment with respec
the cavity radius: witha566° anda5125° @Fig. 7~a!#. The
appearance of the second water layer with increasing ca
radius leads to essential changes of the orientational orde
of the water molecules. Now a large number of OH-vect
is directed towards the center of the cavity and normal to
radius vector@Figs. 6~b!–6~f!#. This results in the appearanc
of a broad distribution around orientations of the dipole m
ment normal to the cavity radius@Figs. 7~b!–7~f!#.

An analysis of the orientational ordering in different w
ter layers~Figs. 9 and 10! shows that the discussed orient
tional ordering is caused mainly by the first outer water la
which contains most of the water molecules~Table II!. The
orientational ordering in the second layer@Fig. 9~b!, Fig.
10~b!# is similar to the ordering in the single layer of th
small cavity. Some preferential orientation of the OH bon
remains even for the inner water@Fig. 9~a!#. The degree of
orientational ordering increases with the strengthening of
water–substrate interaction~Fig. 6, Fig. 7!. For stronger in-
teractions the preferential orientations of the OH bonds
reflected even in the H atom density distribution~Fig. 8!.
The two maxima around 4 Å and 5 Å from the cavity surface
correspond to the OH bond orientation in the first and sec
water layer, respectively. They reflect a preferential orien
tion of the OH bonds of these layers towards each other
the angular distributions this corresponds to configurati
with cosa521 @Fig. 9~c!# and cosa511 @Fig. 9~b!#.

An analysis of the energetic distributions~Table II! in
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE II. Some properties of the water layers in the spherical cavities. I, number of the system from Table I; II, numbers of the water layer, 4 cords
to the complete cavity; III, location of the water layer from the cavity surface, in Å~compare Fig. 3!; IV, fraction of water in the layer, in %; V, molecules
with less than 3 H-bonds, %; VI, molecules with 3 H-bonds, % VII, molecules with 4 H-bonds, %; VIII, molecules with more than 4 H-bonds,
averaged water–water interaction per molecule, kcal/mol; X, averaged water–substrate interaction per molecule, kcal/mol; XI, averaged totalrgy of
interaction per molecule, kcal/mol.

I II III IV V VI VII VIII IX X XI

System
~Table I! Layer

Layer
position

% of water
in layer

% of molecules
with less

than
3H-bonds

% of molecules
with

3H-bonds

% of molecules
with

4H-bonds

% of molecules
with more

than
4H-bonds

Water–water
inter-
action

Water–
substrate

inter-
action

Total
inter-
action

1 1 2.43–4.36 53.4 18.5 43.3 32.9 5.3 28.49 22.13 210.62
2 4.36–7.11 28.7 8.5 29.7 45.6 16.1 29.93 20.51 210.44
3 7.11–15.00 17.9 10.5 33.0 44.5 11.9 29.85 20.14 29.99
4 ¯ ¯ 14.2 37.3 38.6 9.6 29.14 21.31 210.45

2 1 2.27–4.59 52.2 22.6 45.7 28.0 3.6 28.24 20.80 29.04
2 4.59–8.03 33.6 9.6 31.5 44.8 14.1 29.79 20.19 29.98
3 8.03–15.00 14.3 11.4 34.1 43.9 10.8 29.74 20.05 29.79
4 ¯ ¯ 16.7 39.3 35.9 8.2 28.99 20.48 29.47

3 1 2.42–4.37 63.3 19.3 45.1 31.0 4.7 28.31 22.13 210.44
2 4.37–7.20 28.2 8.4 29.2 44.9 17.5 29.91 20.51 210.42
3 7.20–12.00 8.5 10.0 33.4 44.5 12.0 29.84 20.16 210.00
4 ¯ ¯ 14.4 39.6 36.1 8.9 28.86 21.53 210.39

4 1 2.38–4.36 63.5 27.6 44.6 24.4 3.3 27.80 22.11 29.91
2 4.36–7.06 27.2 13.8 33.4 38.8 14.0 29.32 20.52 29.84
3 7.06–12.00 9.3 16.5 36.5 36.9 10.1 29.22 20.17 29.39
4 ¯ ¯ 22.8 40.8 29.5 6.9 28.34 21.50 29.84

8 1 2.29–4.29 64.4 25.1 46.1 25.7 3.1 28.13 20.78 28.91
2 4.29–7.99 29.5 9.7 31.8 45.2 13.2 29.82 20.18 210.00
3 7.99–12.00 6.1 9.8 31.9 45.9 12.4 29.89 20.05 29.94
4 ¯ ¯ 19.6 40.1 32.7 6.7 28.71 20.57 29.28

9 1 2.24–4.80 63.7 34.4 43.5 19.6 2.4 27.47 20.77 28.24
2 4.80–7.57 28.2 15.3 35.7 38.4 10.6 29.15 20.19 29.34
3 7.57–12.00 8.1 16.4 37.5 37.1 9.0 29.18 20.06 29.24
4 ¯ ¯ 27.4 40.8 26.4 5.2 28.08 20.55 28.63

10 1 2.41–4.38 78.5 23.6 48.0 25.6 2.9 27.97 22.14 210.11
2 4.38–7.56 21.4 7.9 28.7 46.2 17.4 210.02 20.52 210.54
3 7.56–9.00 0.1 18.7 40.0 35.2 6.1 28.33 20.18 28.51
4 ¯ ¯ 20.2 43.9 30.0 5.9 28.38 21.82 210.20

11 1 2.34–4.39 78.3 29.0 46.7 21.8 2.6 27.51 22.12 29.63
2 4.39–7.40 21.3 12.0 31.9 40.4 15.8 29.39 20.52 29.91
3 7.40–9.00 0.4 15.1 36.2 36.3 12.3 28.60 20.18 28.78
4 ¯ ¯ 25.7 44.0 26.1 5.4 27.94 21.75 29.69

12 1 2.26–4.88 79.5 31.0 48.1 19.0 1.9 27.64 20.78 28.42
2 4.88–7.56 19.9 9.0 31.0 46.7 13.2 29.67 20.20 29.87
3 7.56–12.00 0.6 7.7 30.2 48.6 13.5 29.97 20.08 210.05
4 ¯ ¯ 26.5 44.5 24.7 4.2 28.06 20.66 28.72

13 1 2.29–5.02 80.7 42.4 42.2 14.0 1.5 27.01 20.76 27.77
2 5.02–7.56 18.7 16.5 36.8 37.3 9.5 28.94 20.19 29.13
3 7.56–9.00 0.6 14.5 34.4 40.2 10.9 29.12 20.08 29.20
4 ¯ ¯ 37.3 41.1 28.7 3.1 27.48 20.62 28.10

14 1 2.41–4.75 100 25.6 69.5 4.9 0.1 27.36 22.18 29.54
15 1 2.41–5.20 100 35.5 58.7 5.7 0.1 26.84 22.16 29.00

bulk ~300 K! 100 12.0 35.3 43.9 8.7 29.95 0.00 29.95
bulk ~350 K! 100 19.9 38.6 34.6 7.0 29.23 0.00 29.23
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different water layers shows weakening of the water–wa
interaction in the first, outer layer in all systems, whereas
the inner water it is closer to the bulk value. In general,
total energy of interaction~water–water plus water–substra
interaction! becomes more negative along the cavity rad
towards the surface for strong water–substrate interact
and it becomes less negative for weak water–substrate i
action ~Table II!.

For the analysis of the number of H-bonds per molec
Downloaded 07 Oct 2004 to 129.217.216.20. Redistribution subject to AI
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an energetic criterion is used; a pair of water molecules
considered to be bonded when their pair interaction is str
ger than 22.25 kcal/mol ~see Fig. 10!. The number of
H-bonds decreases sharply in the first layer and this tr
becomes more pronounced for smaller cavities and wea
water–substrate interactions~Table II!. Hydrogen bonding of
inner water is close to the bulk behavior. In the second wa
layer, which ‘‘connects’’ outer and inner water, an increa
of configurations with more than 4 H-bonds may be note
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C. Diffusivity of water in spherical cavities

MD simulations of water in spherical cavities wit
Rc512 Å, U524.62 kcal/mol, and Rc512 Å, U
521.93 kcal/mol were done~for systems No. 3 and 8 with
the appropriate numbers of water molecules from the Gi
ensemble simulations at 300 K! in order to analyze the dif-
fusivity of water. Mean-square displacements of oxygen
oms as a function of time for these systems are presente
Fig. 11. For long times,̂Dr 2(t)& reaches a plateau, whic
indicates the confinement in the cavity. The isotropic sho
time self-diffusion coefficientsD were determined from the
intermediate linear parts of the presented dependencies.
obtained average values areD51.8531023 m2/s (Rc

512 Å, U524.62 kcal/mol) andD52.9331023 m2/s (Rc

512 Å, U521.93 kcal/mol). In both cases the se
diffusion coefficient is lower than the bulk valueD53.61
31023 m2/s, obtained at 300 K with the same parameters
interaction and at bulk density. The general decrease of w
diffusivity may be noted.

In Fig. 12 profiles of the self-diffusion coefficient alon
the cavity radius are shown. The diffusivity roughly show
an anticorrelation to the density profile: low diffusion coe
ficients in the region of the density profile maxima. Th
indicates some kind of trapping in the two outer adsorpt
layers. This effect is less clear in the less structured sys
No. 8. Nevertheless, self-diffusion coefficient never achiev
bulk value even for the weakest water–substrate interac
(U521.93 kcal/mol), for which liquid water still exists in
the cavity. The details of the observed dependencies ma

FIG. 4. Radial distribution functionsgO–O(r ) (T5300 K); ~a! water in a
spherical cavity@Rc512 Å, U524.62 kcal/mol~No. 5!, shifted up by 1.0#;
~b! water in a spherical cavity@Rc512 Å, U521.93 kcal/mol ~No. 8!,
shifted up by 0.5#; ~c! bulk water.
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rather involved and due to competing influences: besides
influence of the layering, which leads to a decrease of dif
sivity, an increase is produced by a strong decrease of
H-bonding in the outer layer as well as an increased num
of molecules with five neighbors in the intermediate wa
shell~Table II!. This would be in accord with observations
bulk water.83 In summary, a strong influence of the wate
substrate interaction and the resulting structural change
the water diffusivity is observed. This underlines the nec
sity for Gibbs ensemble simulations to determine the corr
water density in the cavities.

IV. DISCUSSION

Equilibration with a bulk reservoir is the crucial proble
in the simulation of water in confined geometries, since
structural and dynamical properties of water are highly s
sitive to its density. In this paper we discuss the applicat
of GE simulations for the equilibration of water in spheric
cavities with bulk water. The main problem in GE simul
tions is connected with the necessity to provide the dele
of a molecule in one box and its insertion in another box
one move. For dense and highly associated systems like
uid water, efficiencies of both insertion and deletion are v
low. In order to improve the efficiency of the insertions w
used an analysis of the interatomic distances in the new c
figurations. This analysis includes not only ŌO distances
~like in other simulations of such kind!,45,79 but also Ō H
distances. It allows to exclude new configuration at an ea

FIG. 5. Radial distribution functionsgO–O(r ) (T5300 K): ~a!–~d! water in
spherical cavities,~e! bulk water; the curves are shifted by 0.5 successive
~a! Rc59 Å, U524.62 kcal/mol~No. 10!, both oxygen atoms are in the
first layer; ~b! Rc59 Å, U524.62 kcal/mol~No. 10!; ~c! Rc512 Å, U
524.62 kcal/mol~No. 3!; ~d! Rc512 Å, U521.93 kcal/mol~No. 8!; ~b!–
~d! at least one of the oxygens is in the first layer. Dotted lines show
shifts of the main maxima ofgO–O(r ).
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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stage of analysis. In order to improve the efficiency of wa
molecule deletions we used a bias method, which is base
the choice of the water molecules from the high-energy
of the energetic distribution. Use of these two techniqu
allowed to improve the efficiency of the simulations and
achieve equilibration of the number of water molecules
pores~Fig. 1!.

This successful application of GE for the equilibration
two dense water systems shows perspectives for its us
simulations of complex aqueous systems. But even
simple aqueous solutions simulations in the usual canon
ensemble or MD simulations may not provide accur
equilibration. The system may be easily trapped in so
metastable state and, for example, a possible aggregatio
the solute molecules will never be observed due to the fi
time of calculations. It may also be important in simulatio
of water in biological membranes, since many possible wa
distributions are unachievable in the course of usual MC
MD simulations. Water molecule transfers between differ
parts of the simulated system will provide the necess
chemical equilibration. The Gibbs ensemble may also be

FIG. 6. Angular distributions:a is the angle between the OH vector and t
cavity radius vector.~a! Rc56 Å; U524.62 kcal/mol~Nos. 14 and 15!; ~b!
Rc59 Å; U524.62 kcal/mol ~Nos. 10 and 11!; ~c! Rc512 Å; U
524.62 kcal/mol~Nos. 3 and 4!; ~d! Rc515 Å; U524.62 kcal/mol~No.
1!; ~e! Rc59 Å; U521.93 kcal/mol~Nos. 12 and 13!; ~f! Rc512 Å, U
521.93 kcal/mol~Nos. 8 and 9!; ~g! Rc515 Å, U521.93 kcal/mol~No.
2!. Solid lines,T5300 K; dotted lines,T5350 K.
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tended to simulations of liquid–liquid equilibria of aqueo
solutions and, eventually, even of pure water at low tempe
tures ~near the conjectured second critical point in sup
cooled water!.84

The observed emptying of the pores at weak wate
substrate interactions~Fig. 2! shows, that liquid water can
not exist in small hydrophobic pores and that water shar
starts penetrating the pores at some critical level of wat
substrate interaction. This agrees well with the experime
observations of water penetration into pores with differe
ratios of hydrophobic and hydrophilic groups.5

Based on the GE simulations we were able to obt
reliable data for different structural and dynamical propert
of water in spherical pores. Contrary to previous simulatio
of water in spherical pores,61–66 a strong layering of water
near the pore wall is always observed. Even for the weak
water–substrate interaction the local water density deve
a pronounced first maximum. This means, that liquid wa
can exist in spherical cavities only when forming promine
layers.

The analysis of the obtained density distributions~Fig. 3,
Fig. 8!, orientational distributions~Fig. 9, Fig. 10!, and en-
ergetic calculations~Table II! allows us to divide up the pore
water into three distinct parts: water near the pore wall~first
outer layer, 0–4.5 Å from the surface, ‘‘bound’’ water!, wa-

FIG. 7. Angular distributions:a is the angle between the dipole mome
vector and the cavity radius vector.~a!–~g! correspond to the same system
as in Fig. 6.
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ter in the center of the pore~‘‘inner’’ water!, and ‘‘connect-
ing’’ water between them~second water layer, 4.5–7 Å from
the surface!.

The main properties of the ‘‘inner’’ water are close
the bulk. The ‘‘connecting’’ water shows specific orient
tional ordering with a preference for orientations of O
bonds towards ‘‘bound’’ water along the cavity radius a
towards the ‘‘inner’’ water with an angle, which is close
the tetrahedral value. Another peculiarity of the ‘‘conne
ing’’ water is its increased number of configurations w
more than 4 H-bonds per molecule.

The ‘‘bound’’ water is strongly distorted with respect
the bulk water. The average water–water interaction
weaker and the number of H-bonds decreases apprec
~Table II!. The orientational ordering reflects preferential o
entations of the OH bonds normal to the cavity radius
along it. The radial distribution functiongO–O(r ) of
‘‘bound’’ water differs strongly from both the bulk water an
the other water layers in the cavity. The additional intens
at the highr side of the first peak ofgO–O(r ) is similar to the
observed changes in bulk water at high pressures.85 The ap-
pearance of an additional maximum ingO–O(r ) around 5.45
Å, which corresponds to the doubling of the position of t
first maximum, reflects distortion of the tetrahedral wa

FIG. 8. Hydrogen atom density profiles along the radius of the sphe
cavities.~a!–~g! correspond to the same systems as in Fig. 6.
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FIG. 9. Angular distributions:a is the angle between the OH vectors and t
cavity radius.Rc512 Å; U524.62 kcal/mol;T5300 K ~No. 3!. ~a! Inner
layer; ~b! intermediate layer;~c! outer layer.

FIG. 10. Angular distributions:a is the angle between the dipole mome
and the cavity radius. Same presentation as in Fig. 9.
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structure towards a square lattice or towards the structur
high density ice with interpenetrating hydrogen bo
network.86 A similar maximum was observed in the radi
distribution function of bulk water at high pressure85 and in
some simulations of water on a structured surface.29,48But in
the latter case it reflected the definite structure of the surf
whereas here we used a smooth surface. The change
gO–O(r ) in the first outer layer with respect to the bulk refle
a decrease of the short-range order of ‘‘bound’’ water. T
agrees well with experimental x-ray diffraction studies
water in pores.3

The single remaining water layer in the cavity withR
56 Å, shows essentially the properties of ‘‘bound’’ wate
but its orientational ordering is similar to the ordering
‘‘connecting’’ water in larger cavities. For all simulated sy
tems the structural properties of water in cavities are not v
sensitive to a temperature increase from 300 K to 350 K

In general, we observe two prominent water layers n
the surface. The structural properties of the first layer dif
strongly from the bulk, whereas ‘‘inner’’ water is close to th
bulk. Changing the cavity size from 9 Å to 15 Å results in
increase of the percentage of ‘‘inner’’ water, but the ma
properties of the different species of water remain u
changed. The obtained layering suggests to expect spe
thermodynamical properties of the water within 7 Å from
cavity surface. This agrees well with the experimentally o
tained thickness of nonfreezable water in pores.3,4,6,8,11,12,14

The slowing-down of water diffusivity, obtained in ou
simulations, is in good agreement with experimen
observations.18–23 We obtained a decrease of the se
diffusion coefficient even for the lowest possible density
liquid water in the cavity. In view of the fact that the mobi
ity of water molecules in the bulk liquid is strongly affecte
by the local density,83 we suspect that the increased wa
diffusivity, obtained in some simulations25–27,31,42,58,64is not
only connected to an inappropriate water–substrate inte
tion strength, but also to an inappropriate choice of the wa
density.

FIG. 11. Mean-square displacements of oxygen atoms as a function of
in spherical cavities withRc512 Å, U524.62 kcal/mol ~solid line!, U
521.93 kcal/mol~dotted line!. Note the logarithmic scales.
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V. CONCLUSIONS

Simulations of water in spherical cavities in equilibriu
with bulk water were done in the GE. The successful use
GE simulation method for this particular case shows tha
may be used for simulations of water in various confin
environments in equilibrium with bulk water and also f
other kinds of coexisting dense water phases.

Liquid water exists in a spherical cavity only if its inte
action with the surface exceeds some critical value. Stren
ening of the water–surface interaction causes an increas
the average water density by more than 20%. The first
outer water layers~up to 7 Å from the surface! show specific
structural properties, whereas the properties of inner w
are close to the bulk. The diffusivity of water always d
creases in spherical cavities with respect to the bulk.
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