JOURNAL OF CHEMICAL PHYSICS VOLUME 113, NUMBER 12 22 SEPTEMBER 2000

Gibbs ensemble simulation of water in spherical cavities
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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 A were done in equilibrium with bulk wat€=800 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 Physids50021-960680)50336-3

I. INTRODUCTION tion in pores with different ratios of hydrophilic and hydro-
phobic groups on the wall show, that liquid water stops pen-

The investigation of water which is confined in different etrating the pore sharply at some level of hydrophobigity.

environments is of great importance for the understanding of  Numerous molecular dynami¢sD) and Monte Carlo

many technological and biophysical processes. Its structuquC) simulations of water in slitliké*~5* cylindrical 25-6°

and dynamical properties differ essentially from the bulk.gnq sphericdF¢ pores were reported. Smooth and struc-

This is caused by both the geometrical confinement and itg;eq substrates with different strengths of water—substrate

interaction with the interface. _interactions were considered. For strong water—substrate in-
The behavior of water confined in pores was the subjecfgraction(metallic and polar substratethe variation of the

of numerous experimental and theoretical studies. Freezing e, density along the distance from the surface shows

experiments show the existence of two kinds of water ingyqng ayering with a few distinct layers and a local density
pores: “free” water in the center of the pore and “bound” . ovimum in the outer water layer exceeding 2.0
water near the pore surfate? The shift of the freezing g/CF 27:29.33-36,38-40,42,43.45,47 48.50-5680 at0r near a weak-

temperature of the “free” water achieves60 K (Ref. 1] interacting substrafé26:28.30-3237.41,42,44.4649-515788 ey
and is roughly inversely proportional to the pore radius in

i in’ i 8,11 i . .. .
accordance with Kelvin's equ.atgg.s L 0N freezing,  genity variations. In all cases water molecules show orien-
fr_ee water transforms Into cubic i .3”9' Its Sta-  tational ordering near the interface with a tendency to keep
bility with respect to the ordinary hexagonal ice increases agye orientation of the dipole moment parallel to the surface in
the pore becomes smalféFor the “bound” water the phase  der 1o maximize the number of water—water hydrogen

transition is smeared out and its temperature rd§6-220  ,nqs. When calculating the water self-diffusion coefficient
K) does not depend on the pore siZe' Estimations of the pores both decreald247525660 a0

thickness of the “bound” water layer by different experi- ;,~req525-27:314258.645¢ \vater diffusivity with respect to its
mental method"®~#11121413jield 1-3 water monolayers. 1,1k behavior were obtained.
In pores with a radius of less than approximately 10-12 A"~ ;o degree of water layering near the surface, its orien-
only “bound” water remains and there is no sharp solid—tationa| ordering and molecular mobility depend on the
liquid phase transition in such small pofe: %17 ray strength of the water—substrate interaction, details of the sub-
diffraction experiments show that the “bound” water pos- girate structure, and on the average water density in the pore.
sesses little short-range order. _ _ _ The more or less arbitrary choice of the number of water
The diffusivity of water decreases in confined environ- . oiacules in the pores is one of the main sources of the

ments with respect to the bulk bég;g)vi‘ér. This effect  gpserved discrepancies. The necessity to provide a correct
strengthens with decreasing pore siz€. Slowing-down of - -hemical equilibration of the pore water with a bulk reservoir
the water diffusivity by an order of magnitude was ,,,q emphasized by many authg#d344:51.58.60

9,20,21 : H H H
observed: Experimental investigations of water adsorp- Circumventing this equilibration, in most of the above

mentioned simulations the water density in the pore was
dAuthor to whom correspondence should be addressed. fixed at approximately the bulk density. However, a simple

a free surface®"%®shows weak layering without essential
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adjustment of the average water density to the bulkbox with the bulk water is used for chemical equilibration
valug-30:32.33:37,46,50,56,57.6164 fses not mean that confined directly. This procedure yields a higher accuracy of the simu-
water is in equilibrium with the bulk. This is clearly seen in lation by speeding up the equilibration process. This is the
simulations of liquids in pores with different water—substratemain reason of our decision to use Gibbs ensemble simula-
interactions. Strengthening of this interaction results in artion in the present paper.

adsorption of the liquid on the pore walls, whereas the pore In the present paper water in spherical cavities in equi-
center becomes empty. An adjustment of the liquid densityibrium with a bulk reservoir was simulated in the Gibbs
in the ~center of the pore to its bulk ensemble. The dependence of the structural and dynamical
valugh39:4149.52-5458,6062.685 10 not solve this problem. water properties on water—substrate interaction, cavity size,
Such an approach assumes that the amount of the liquid iand temperature is analyzed.

the center of the pore, which is not disturbed by confinement

and interactions with the surface, is sufficient to reproducel. SIMULATION METHOD

the bulk behavior. This may be correct for large slitlike 512 TIP4P water molecules in a cubic box with periodic

pOres, but it is obvic_)usl_y not correct_ for nanopores and esboundary conditions were used to reproduce bulk water at
pecially pores of cylindrical or spherical geometry. P=1 bar andT=300K, respectively 350 K. Intermolecular

A natural way to obtain systems in chemical equilibrium;.o a tions were calculated up to a cutoff distance of 12 A
are simulations in the grand canonical ensentGi€B) (Ref. 54 |ong-range corrections were included for the Lennard-

H 70,71 :
69) or Gibbs ensembleGE).”™ " They were widely used for 5504 hotentials only. Spherical cavities with ralifrom 6
the simulation of simple model liquids in pores of different , 15 A were considered. The water—water interactions in the
types[GCE (Refs. 72—75and GE(Refs. 71, 76-78. The cavity were calculated without cutoff. The water—substrate

main problems in such simulations are connected with the iaraction was simulated as a Lennard-Jof8e8) potential
necessity to provide an essential number of molecular inser-

tions (deletions into (from) the dense liquid phase. These ~ Uw-s(r)=e[(o/r)°=(a/r)],
problems grow sharply for such dense and associated liquidgherer is the distance between the oxygens and the sub-

as water. In view of these difficulties most of the simulationsstrate. The parameter in this potential was fixed to 2.5 A,
of water in pores were done without chemical equilibrationthe parametere varied to change the well-depti

with the bulk and with a rather arbitrary choice of the water= —0.385 from —0.46 to —5.77 kcal/mol. This range of
density in the pores. strength of the water—substrate interaction approximately
To avoid molecular transfers, some indirect and approxicorresponds to a variation of the substrate from hydrocarbon-
mative techniques were used: simulation in the isotensiofke to metallic. The LJ9-3) potential witho= 2.5 A results
ensemblé;’ use of a linear superposition approximation for from the integration over a substrate with flat, nonspherical
the density’’ simulation of a pore and bulk water in one surface and uniformly distributed L12-6) centers witho
box>" In all these cases questions remain about the validity=3.5A. In order to estimate the effect of curvature on the
of these approaches for liquid water and about the quality ofvater—substrate interaction, numerical integrations over LJ
the chemical equilibration. (12-6) centers surrounding spherical cavities of different ra-
There are only a few simulations of water in pores usingdii were done with the same fixed density of the substrate.
the grand canonical ensemble with the bulk value of theThe value ofo remains practically the same as for the flat
chemical potentiat>3®3#47>The quality of the chemical substrate ¢=2.5A), whereas the well-depth increases ap-
equilibration with the bulk in such an approach depends botfproximately by a factor of 2.58.=6 A), 1.80 R.=9 A),
on the accuracy of the computation of the chemical potential .54 R,=12A), and 1.41R.=15A). Initial configura-
of the bulk water and on the equilibration of the pore water.tions were produced by equilibration in the NPT ensemble
The latter factor is determined mainly by the number of sucfor bulk water and in the NVT ensemble for water in cavities
cessful insertion and deletion of molecules. With the addi-with various numbers of molecules.
tional problems of the accurate calculation of the chemical The chemical equilibration of the water in the cavity
potential of liquid water>® the possibility to avoid such with bulk water was provided by simulations in the Gibbs
calculations in a Gibbs ensemble simulation is attractive. ensemble. In order to determine the density of the cavity
A Gibbs ensemble simulation of confined water in equi-water in equilibrium with the bulk, an essential number of
librium with water vapor was reportéd@® but there are no transfers between the two simulated systems must be pro-
such simulations in equilibrium with liquid water. These vided. The insertion of molecules was done as follo@sa
kinds of simulations provide the most direct and accuratgosition and orientation for insertion was chosen randomly;
way for equilibration of confined and bulk water by an es-(b) the distances between the atoms of the inserted molecule
sential number of molecular transfers between the twand the atoms of its neighbors were calculatedljf at least
phases. As mechanical equilibrium has not to be establishezhe of these distances is shorter than some “critical” value,
explicitly in such system&! the bulk water may be kept at the new configuration is rejected immediately, otherwise en-
constant pressure and temperature, and simultaneously tleegetical calculations follow. The choice of the “critical”
pore water at the same temperature and constant pore vahteratomic distances was done on the basis of the different
ume. There is a close resemblance to grand canonical epair distribution functions, calculated for water both in the
semble simulation, but instead of specifying a common valudulk and in the cavity. They correspond to the largest inter-
of the chemical potential for both systems, the simulationatomic distances, which are never observed in long-term ca-
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nonical MC simulations. These values are not very sensitive N
to the water density and were fixed at 2.35 A for the O-O a)
distance, 1.40 A for the O—H distance, and 1.30 A for the
H—H distance. Similarly, in the case of insertions in the cav- 100 |
ity, a “critical” value of 2.0 A was chosen for the oxygen—

wall distance. Another problem in the Gibbs ensemble simu-

lation of two liquid dense phases is the deletion of
molecules. The energetic distribution of water molecules in 0
the dense phase typically posses a maximum at approxi- b)
mately —20 kcal/mol, whereas the lowest energies of ran-
domly inserted molecules are usually higher thaf2 to
—13 kcal/mol. This means that it is most efficient to use for
the deletion water molecules from the high-energy tail of the
distribution. In this case the probability of acceptance of the
new configuration must be corrected by multiplying it with 0
some factorP., which is equal to the probability to find

water molecules with energies, higher than some chosen 200

":fw/xhwww
x c)

“cutoff” value U.. This value was chosen betweetl0
and —13 kcal/mol, depending on the system. The corre- - 1
sponding values oP. are in the range of 0.005-0.R. was
calculated before each set of attempts to transfer molecules 100 ¢ ]
and running averages were used in order to improve the ac-
curacy ofP. during the simulations, For a fixed value 0f |
a single value ofP. had to be calculated for bulk water, 0 ‘ , , ,
whereas for the water in the cavity a setRf{N) was used. 0.0 2.0 4.0 6.0 8.0
With a decreasing fraction of water molecules, used for de- number of GE simulation steps, *1000
letion, the eff|C|ency of Success“‘!l deletions Improves'FIG. 1. Change of the number of water molecules in spherical cavities
whereas the accuracy of the correction factor for the accegr,=12A, T=300K) during the equilibration period of some Gibbs
tance probability decreases. This effects the length of thensemble MC simulations. Water—substrate interactiqgs) U
equilibration, but there were no other noticeable changes: ~1.16 kcal/mol;(b) U= —1.93 kcal/mol;(c) U = —4.62 kcal/mol.
Another important factor is the choice of the appropriate ra-
tio of moves within the simulation boxes and between themp,ocess whereas its decrease to 275 K results in a slowing
The equilibration process becomes unstable, when the theffown of the same order.
mal equilibration of the two boxes between successful trans-
fers is not sufficient. ll. RESULTS

One Gibbs ensemble simulation step consistd pther-
mal equilibration with 1000 MC movegtranslational an
rotationa) in both systems and 2 attempts to vary the volume  Equilibration processes are presented for some systems
of the bulk phase in order to impose constant pressure; witih Fig. 1. For weak water—substrate interactioRgy. 1(a)]
acceptance probabilities between 40% and 50% in all casethe cavity empties during the equilibration process, whereas
(2) chemical equilibration of the two systems by the transfergor stronger water—substrate interact{digs. 1b) and Xc)]
of randomly chosen molecules; a series of>01®° to 1.5  the cavity fills with water molecules. An equilibrium value
X 10° attempts yields a probability of a few to 50% to get of the number of water molecules in the cavity is obtained
one successful transfer, depending on the state of the syfom long term runs. The dependence of this number on the
tems. If the transfer is accepted, the number of water molwell-depthU of the water—substrate interaction for different
ecules in the cavity changes accordingly. The transfer frontavities is presented in Fig. 2. In this figure the data points
and to the bulk actually is ignored, because it is simulated awith N= 0, representing finally empty cavities, correspond to
fixed P and T. In order to be sure, that the system is notcavities with R,.=12A, U=-0.46; —0.77;, —1.15, and
trapped in some metastable state, we always start from twe 1.54 kcal/mol, and withR,=6 A, U=—1.93kcal/mol.
different initial configurations of water in the cavity—with For most of the simulated systems the final number of water
high and low density. For the cavity with a radid, molecules in the cavity did not depend on its initial number.
=12 A this corresponds t&N>100 andN=20-25 mol- The only exception is the system witR,=12A and U
ecules, respectively. In any case the number of successfat —1.54 kcal/mol. It becomes empty when the simulation
transfers was greater thai\2), where(N) is the final aver-  starts from a low-density initial configuratidas it is shown
age number of water molecules in the cavity. This means @& Fig. 2). For a high-density initial configuration, the num-
sharp increase of the simulation time with increasing poréber of water molecules varies in the range from 80 to 150
size. molecules without a tendency to reach equilibrium even dur-

Increasing the temperature from 300 K to 350 K resultsing long-term calculation&ew times longer than typical cal-
in an essential speed up few timeg of the equilibration culation for such systems

[

100

d A. Gibbs ensemble simulations
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% ‘ TABLE |. Parameters of the simulated systerRs; cavity radius;U, well-

N depth of the water—substrate potentiBltemperature{N), equilibrated av-
erage number of water molecules in the cavjtyaverage water density in
* the cavity.
3000 | 1 System R (A) —U (kcallmo) T (K) (N) p (glen?)
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 1711 0.98
200.0 | 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
100.0 ¢ 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
v
0.0 ¥ : : :
00 -10 -20 -30 -40 -50 -6.0

U, keal/mol

FIG. 2. Dependence of the equilibrium number of water molecules inB. Structural properties of water in spherical cavities

spherical cavities on the water—substrate interaction well-déptistars, .
R.=15A; circles,R.=12 A; squaresR.=9 A; triangles,R,=6 A (closed The integer vallues (?loses'[ to the average num@QrISf
symbols, T=300 K; open symbolsT =350 K). water molecules given in Table | were used for the simula-

tion and analysis of the structural and dynamical properties
of water. MC simulations were done in the canonical NVT
ensemble, structural analysis was performed every 1000 MC
- . . steps during runs of 2 10° configurations. In Fig. 3 water
The.c.iata presented in Fig. 2 ewdencg the e>'(|stence CHensity profiles along the cavity radius are presented. The
some critical value of the water—substrate interaction paramg gier density was calculated based on the positions of the
eter U. Liquid water exists in spherical cavities WitR:  centers of the O and H atoms. Strong layering of water exists
=12 A only if U< —1.5kcal/mol and this critical value be- jn all systems and a temperature increase to 350 K has no
comes more negative for smaller cavitisge the results for essential effect on it. Even for the weakest water—substrate
cavities withR,=6 A, Fig. 2. The above mentioned insta- interaction for which water still exists in the cavityJ(

bility in the equilibration process for the system wiRy,  =—1.93/kcal/mol), the water density profile exceeds 2.5
=12A and U=—1.54kcal/mol may be attributed to its g/cn® in the first outer layef{Fig. 3f)]. This means that
proximity to the boundary value. water can exists in cavitiefin equilibrium with the bulk

When discussing the influence of the cavity size on thewater at the giver® andT) only, when prominent layers are
water density in identical substrate materials, the effect oformed. For small cavitiesR.=6 A) only one water layer
curvature on the water—substrate potentials discussed in remains[Fig. 3@]. The analysis of the structural properties
Sec. 1) must be taken into account. This results in a scaling®f the cavity water was done separately for the different wa-
of the parametet of Fig. 2 by a factor of 1.62 for a cavity ter layers. The layer thiknes;es were determil_"ned by the dis-
with R.=6 A, by a factor of 1.17 for a cavity witlR,  @nces betweerj the minima in the water densny prqjﬁlg.
=9 A and by a factor of 0.92 for a cavity witR,=15A 3). The properties of the water layers are described in Table

(using the cavity withR,=12 A as the reference systgm

The serage densiy of e waer n e cavies depencg, 7 S8OUAT0 e b coreton nctens o ol
essentially on the parameték. It increases by 12%, 18%, 9 4

- . be taken into accoufit. In our case, the spherical shells,
and 34% for 'cavmes WithR=15A, R=12A, and R, constructed around given sites to determine radial distribu-
=9 A, respectively, whet) changes from-1.93 to —4.62

) tion functions are overlapping only partly the spherical vol-
kcal/mol. A temperature increase from 300 K to 350 Kme of radiusRs occupied by the molecules in the cavities.
causes a slight decrease of the number of water molecules {f,certainties in the determination BY; enter into the com-

the cavity by a few %. Estimates of the average water densityytation of this reduced volume. We choose this parameter
in small cavities are subject to a certain arbitrariness in th@s the largest distance from the center of cavity, where the
determination of the volume which is accessible to the watergonsidered sites were observed during the simulation. The
In Table | values of the water densityare presented which same valueRg were used for the determination of the aver-
were obtained by assuming that the water occupies a sphesgje density of the sites to normalize the pair correlation func-
with radiusR=R¢— /2, whereo=2.5 A corresponds to the tions. The values dRg for O and H atoms were calculated in
water—substrate interaction potential. advance. These values R are lower than the cavity radius
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! first, outer layers of water in different cavities. The differ-

! a) ences of thggo_(r) to bulk water[Fig. 5(e)] increase with

! strengthening of the water—substrate interacfibigs. 5d)

! and Hc)] and decreasing cavity sidé€igs. 5c) and 3b)].

| They are most pronounced when only atoms inside the first
' layer are considerefdig. 5(@)]. The tetrahedral structure of
water is distorted in the cavities: the shift of the second
maximum ofgg_o(r) by 0.15 A corresponds to a change of
the OOO-angle from 107° to 102°. The shift of the third
maximum by 0.4 A reflects still stronger distortions of the
long-range tetrahedral structure of water in the cavities. The
position of the new maximum ajo_o(r), appearing at 5.45

A, corresponds to a doubling of the first maximum distance
of 2.75 A. All above mentioned features of thg_o(r) show

that the tetrahedral structure of water diminishes in cavities
and some features of a square lattice structure in the outer-
most water layer appear.

For the analysis of the orientational ordering of water
molecules in cavities cagdistributions were calculated for
the anglesy between the intramolecular OH-vectors and the
radius vector(Fig. 6) as well as between the dipole moment
and the radiugFig. 7). In the small cavity R=6 A) with a
single water layer all water molecules have an orientation of

the OH-vector along the radius away from the cavity center
ey e with a=0° or with «=114°, close to the tetrahedral value
0. ¢ [Fig. 6@]. This is confirmed by an analysis of the density
2. Mg) profile of H atoms along the cavity radiy&ig. 8a)]: the
o. . . . . . . additional maximum &2 A from the surface corresponds to
150 130 11.0 90 7.0 50 3.0 1.0 an orientation of the OH bonds away from the cavity center
nA along the radiugits distance to the maximum in the oxygen
FIG. 3. Water density along the cavity radiuge) R.—6A: U density p.rofile'is eq.ual to 1)&This structure resylts in two
=—4.62 kcal/mol (system Nos. 14 and 15, Table; I(b) R,=9 A: U preferential orientations of the dipole moment with respect to
=—4.62 kcal/mol (Nos. 10 and 1t (c) R.=12A; U=—4.62kcallmol  the cavity radius: withh=66° anda=125°[Fig. 7(a)]. The
(Nos. 3 and % (d) R,=15A; U=—4.62 kcal/mol(No. 1); (¢) R;=9 A; appearance of the second water layer with increasing cavity
?st_ gﬁgcgvg)og’:fsl';ﬁ EL‘J”S ﬁg; &;/#20{?;\13 :2)._;3% klfr?éls r?f' radius leads to essential changes of the orientational ordering
=300 K; dotted linesT =350 K. Vertical dashed lines indicate the center of of the water molecules. Now a Iarge number of OH-vectors
cavities. is directed towards the center of the cavity and normal to the
radius vectofFigs. 6b)—6(f)]. This results in the appearance
of a broad distribution around orientations of the dipole mo-
R. by 2.2-2.4 A for O atoms and by 1.4—1.5 A for H atoms ment normal to the cavity radiy§igs. qb)—7(f)].
in all cases. Two different approaches were used to calculate An analysis of the orientational ordering in different wa-
the pair correlation functions in the water layefa): at least  ter layers(Figs. 9 and 1pshows that the discussed orienta-
one of the sites is in the analyzed layés) both sites are in  tional ordering is caused mainly by the first outer water layer
the analyzed layer. In the latter case also the volume of thevhich contains most of the water molecul@able 11). The
other layers was excluded in the calculations. orientational ordering in the second layifig. 9b), Fig.

Radial distribution functiongo_(r) in the cavities and 10(b)] is similar to the ordering in the single layer of the
in bulk water are presented in Fig. 4. The changes whictsmall cavity. Some preferential orientation of the OH bonds
appear in the cavities at largg Figs. 4a) and 4b)] reflect remains even for the inner watffig. Ya)]. The degree of
directly the strong layering of water near the cavity wall. In orientational ordering increases with the strengthening of the
generalgo_d(r) approaches the bulk function with decreas-water—substrate interactidfrig. 6, Fig. 3. For stronger in-
ing water—substrate interaction. However, some peculiaritiegeractions the preferential orientations of the OH bonds are
are observed for all systems: the appearance of additiona¢flected even in the H atom density distributidfig. 8).
intensity on the higher side of the first maximum; a de- The two maxima arouh4 A and 5 A from the cavity surface
crease of the secon@t 4.4 A and third(at 6.7 A maxi-  correspond to the OH bond orientation in the first and second
mum; the appearance of an additional maximum around 5.4%ater layer, respectively. They reflect a preferential orienta-
A. An analysis of the radial distribution functions in different tion of the OH bonds of these layers towards each other. In
water layers shows that these new features corresporttie angular distributions this corresponds to configurations
mainly to correlations within the first water layer. In Fig. 5 with cosa=—1 [Fig. 9c)] and cosx=+1 [Fig. Ab)].
radial distribution functiongyo_o(r) are presented for the An analysis of the energetic distributioi$able 1) in

> 90 M » O

n
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TABLE 1. Some properties of the water layers in the spherical cavities. |, number of the system from Table [; Il, numbers of the water layer, 4dsorrespon
to the complete cavity; Ill, location of the water layer from the cavity surface, iiedfnpare Fig. B 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, %; IX,
averaged water—water interaction per molecule, kcal/mol; X, averaged water—substrate interaction per molecule, kcal/mol; Xl, averagegytatal ene
interaction per molecule, kcal/mol.

| 1] I} \Y, Y, \ Vil VIl IX X Xl
% of molecules % of molecules Water—
with less % of molecules % of molecules  with more Water—water substrate Total
System Layer % of water than with with than inter- inter- inter-
(Table ) Layer position in layer 3H-bonds 3H-bonds 4H-bonds 4H-bonds action action  action
1 1 2.43-4.36 53.4 18.5 43.3 32.9 5.3 —8.49 -2.13 -10.62
2 4.36-7.11 28.7 8.5 29.7 45.6 16.1 —9.93 -0.51 -10.44
3 7.11-15.00 17.9 10.5 33.0 44.5 11.9 -9.85 -0.14 -9.99
4 14.2 37.3 38.6 9.6 -9.14 -1.31 -10.45
2 1 2.27-4.59 52.2 22.6 45.7 28.0 3.6 —8.24 -0.80 -9.04
2 4.59-8.03 33.6 9.6 315 44.8 14.1 -9.79 -0.19 -9.98
3 8.03-15.00 14.3 11.4 34.1 43.9 10.8 -9.74 —0.05 -9.79
4 16.7 39.3 35.9 8.2 —8.99 —0.48 -9.47
3 1 2.42-4.37 63.3 19.3 45.1 31.0 4.7 -8.31 —-2.13 -10.44
2 4.37-7.20 28.2 8.4 29.2 44.9 17.5 -9.91 -0.51 -—10.42
3 7.20-12.00 8.5 10.0 33.4 44.5 12.0 -9.84 -0.16 —10.00
4 14.4 39.6 36.1 8.9 —8.86 -153 -10.39
4 1 2.38-4.36 63.5 27.6 44.6 24.4 3.3 —7.80 -2.11 -9.91
2 4.36-7.06 27.2 13.8 334 38.8 14.0 -9.32 -0.52 -9.84
3 7.06-12.00 9.3 16.5 36.5 36.9 10.1 —9.22 -0.17 -9.39
4 22.8 40.8 29.5 6.9 -8.34 -1.50 -9.84
8 1 2.29-4.29 64.4 25.1 46.1 25.7 3.1 —8.13 -0.78 -8.91
2 4.29-7.99 29.5 9.7 31.8 45.2 13.2 -9.82 -0.18 -10.00
3 7.99-12.00 6.1 9.8 31.9 45.9 12.4 -9.89 —0.05 -9.94
4 19.6 40.1 32.7 6.7 -8.71 -0.57 -9.28
9 1 2.24-4.80 63.7 34.4 43.5 19.6 2.4 —7.47 -0.77 -8.24
2 4.80-7.57 28.2 15.3 35.7 384 10.6 —9.15 -0.19 -9.34
3 7.57-12.00 8.1 16.4 375 37.1 9.0 -9.18 —0.06 -9.24
4 27.4 40.8 26.4 5.2 —8.08 —0.55 —8.63
10 1 2.41-4.38 78.5 23.6 48.0 25.6 2.9 -7.97 -2.14 -10.11
2 4.38-7.56 21.4 7.9 28.7 46.2 17.4 —10.02 -0.52 -10.54
3 7.56-9.00 0.1 18.7 40.0 35.2 6.1 —8.33 -0.18 -8.51
4 20.2 43.9 30.0 5.9 —8.38 -1.82 -10.20
11 1 2.34-4.39 78.3 29.0 46.7 21.8 2.6 —-7.51 -2.12 -9.63
2 4.39-7.40 21.3 12.0 31.9 40.4 15.8 —9.39 -0.52 -9.91
3 7.40-9.00 0.4 15.1 36.2 36.3 12.3 —8.60 -0.18 -8.78
4 25.7 44.0 26.1 5.4 —-7.94 -1.75 -9.69
12 1 2.26-4.88 79.5 31.0 48.1 19.0 19 —7.64 -0.78 -8.42
2 4.88-7.56 19.9 9.0 31.0 46.7 13.2 —9.67 -0.20 -9.87
3 7.56-12.00 0.6 7.7 30.2 48.6 13.5 —9.97 -0.08 —10.05
4 26.5 44.5 24.7 4.2 —8.06 —0.66 -8.72
13 1 2.29-5.02 80.7 42.4 42.2 14.0 15 -7.01 -0.76 -7.77
2 5.02-7.56 18.7 16.5 36.8 37.3 9.5 -8.94 -0.19 -9.13
3 7.56-9.00 0.6 145 34.4 40.2 10.9 -9.12 -0.08 -9.20
4 37.3 41.1 28.7 3.1 —7.48 -0.62 —-8.10
14 1 2.41-4.75 100 25.6 69.5 4.9 0.1 —7.36 —2.18 —9.54
15 1 2.41-5.20 100 35.5 58.7 5.7 0.1 —6.84 -2.16 -9.00
bulk (300 K) 100 12.0 35.3 43.9 8.7 —9.95 0.00 —9.95
bulk (350 K) 100 19.9 38.6 34.6 7.0 -9.23 0.00 -—9.23

different water layers shows weakening of the water—watean energetic criterion is used; a pair of water molecules is
interaction in the first, outer layer in all systems, whereas forconsidered to be bonded when their pair interaction is stron-
the inner water it is closer to the bulk value. In general, theger than —2.25 kcal/mol (see Fig. 10 The number of
total energy of interactiofwater—water plus water—substrate H-bonds decreases sharply in the first layer and this trend
interactionn becomes more negative along the cavity radiushecomes more pronounced for smaller cavities and weaker
towards the surface for strong water—substrate interactiorwater—substrate interactiofiBable Il). Hydrogen bonding of
and it becomes less negative for weak water—substrate inteinrner water is close to the bulk behavior. In the second water
action(Table 1)). layer, which “connects” outer and inner water, an increase
For the analysis of the number of H-bonds per moleculeof configurations with more than 4 H-bonds may be noted.
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FIG. 5. Radial distribution functiongo_o(r) (T=300 K): (a)—(d) water in

FIG. 4. Radial distribution functiongs_o(r) (T=300K); (a) water in a  SPherical cavities(e) bulk water; the curves are shifted by 0.5 successively:
spherical cavitfR,=12 A, U= —4.62 kcal/mol(No. 5), shifted up by 1.9 (@ R:=9 A, U=—4.62 kcal/mol(No. 10, both oxygen atoms are in the
(b) water in a spherical cavityR,=12 A, U=—1.93 kcal/mol(No. 8, first layer; (b)) R;=9 A, U=—4.62kcal/mol(No. 10; (¢0) R;=12A, U
shifted up by 0.5 (c) bulk water. = —4.62 kcal/mol(No. 3); (d) R,.=12 A, U= —1.93 kcal/mol(No. 8); (b)—
(d) at least one of the oxygens is in the first layer. Dotted lines show the
shifts of the main maxima ofo_d(r).

C. Diffusivity of water in spherical cavities

rather involved and due to competing influences: besides the

R=12A U=-462kcal/mol. and R.=12A influence of the layering, which leads to a decrease of diffu-
C 1 . ] C 3

— — 1.93 kcal/mol were donéor systems No. 3 and 8 with sivity, an increase is produced by a strong decrease of the

the appropriate numbers of water molecules from the Gibby'bondlng n th_e ou_ter Iay_er as WPT" asan mcreas_ed number
ensemble simulations at 300 Kn order to analyze the dif- of molecules with five neighbors in the intermediate water
shell(Table 1l). This would be in accord with observations in

fusivity of water. Mean-square displacements of oxygen at: K water® | ¢ infl £ th i

oms as a function of time for these systems are presented water.” in summary, a strong infiuence ot tne water=

Fig. 11. For long times(Ar?(t)) reaches a plateau, which substrate interaction and the resulting structural changes on
. : the water diffusivity is observed. This underlines the neces-

indicates the confinement in the cavity. The isotropic short-". . . . .
time self-diffusion coefficient® were determined from the StY for Gibbs ensemble simulations to determine the correct

intermediate linear parts of the presented dependencies. THERter density in the cavities.
obtained average values arB=1.85<10"3m?s (R,
=12A, U=—4.62kcal/mol) andD=2.93x10 3m%s (R,
=12A, U=-1.93kcal/mol). In both cases the self- Equilibration with a bulk reservoir is the crucial problem
diffusion coefficient is lower than the bulk valu2=3.61 in the simulation of water in confined geometries, since the
X 10”3 m?/s, obtained at 300 K with the same parameters oftructural and dynamical properties of water are highly sen-
interaction and at bulk density. The general decrease of wateitive to its density. In this paper we discuss the application
diffusivity may be noted. of GE simulations for the equilibration of water in spherical
In Fig. 12 profiles of the self-diffusion coefficient along cavities with bulk water. The main problem in GE simula-
the cavity radius are shown. The diffusivity roughly showstions is connected with the necessity to provide the deletion
an anticorrelation to the density profile: low diffusion coef- of a molecule in one box and its insertion in another box in
ficients in the region of the density profile maxima. This one move. For dense and highly associated systems like lig-
indicates some kind of trapping in the two outer adsorptioruid water, efficiencies of both insertion and deletion are very
layers. This effect is less clear in the less structured systehow. In order to improve the efficiency of the insertions we
No. 8. Nevertheless, self-diffusion coefficient never achievedised an analysis of the interatomic distances in the new con-
bulk value even for the weakest water—substrate interactiofigurations. This analysis includes not only-@ distances
(U= —1.93kcal/mol), for which liquid water still exists in (like in other simulations of such kind>"®but also O--H
the cavity. The details of the observed dependencies may h#istances. It allows to exclude new configuration at an early

MD simulations of water in spherical cavities with

IV. DISCUSSION
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FIG. 6. Angular distributionse is the angle between the OH vector and the FIG. 7. Angular distributionsu is the angle between the dipole moment

cavity radius vector@@ R,=6 A; U= —4.62 kcal/mol(Nos. 14 and 15 (b) vector and the cavity radius vectda)—(g) correspond to the same systems

R.=9A; U=-4.62kcal/mol (Nos. 10 and 1t (¢) R,=12A; U as in Fig. 6.

= —4.62 kcal/mol(Nos. 3 and % (d) R,=15 A; U= —4.62 kcal/mol(No.

1); (e R;=9 A; U=-1.93kcal/mol(Nos. 12 and 18 (f) R,=12A, U

=—1.93 kcal/mol(Nos. 8 and 8 (g) R.=15A, U=—1.93kcal/mol(No. ~ tended to simulations of liquid—liquid equilibria of aqueous

2). Solid lines, T=300K; dotted linesT=350 K. solutions and, eventually, even of pure water at low tempera-
tures (near the conjectured second critical point in super-
cooled water®*

stage of analysis. In order to improve the efficiency of water ~ The observed emptying of the pores at weak water—

molecule deletions we used a bias method, which is based @ubstrate interactiond-ig. 2) shows, that liquid water can

the choice of the water molecules from the high-energy taihot exist in small hydrophobic pores and that water sharply

of the energetic distribution. Use of these two techniquestarts penetrating the pores at some critical level of water—

allowed to improve the efficiency of the simulations and tosubstrate interaction. This agrees well with the experimental

achieve equilibration of the number of water molecules inobservations of water penetration into pores with different

pores(Fig. 1). ratios of hydrophobic and hydrophilic groups.

This successful application of GE for the equilibration of Based on the GE simulations we were able to obtain
two dense water systems shows perspectives for its use neliable data for different structural and dynamical properties
simulations of complex aqueous systems. But even foof water in spherical pores. Contrary to previous simulations
simple aqueous solutions simulations in the usual canonicalf water in spherical porés;®®a strong layering of water
ensemble or MD simulations may not provide accuratenear the pore wall is always observed. Even for the weakest
equilibration. The system may be easily trapped in someavater—substrate interaction the local water density develops
metastable state and, for example, a possible aggregation afpronounced first maximum. This means, that liquid water
the solute molecules will never be observed due to the finitean exist in spherical cavities only when forming prominent
time of calculations. It may also be important in simulationslayers.
of water in biological membranes, since many possible water  The analysis of the obtained density distributidRg. 3,
distributions are unachievable in the course of usual MC ofFig. 8), orientational distributiongFig. 9, Fig. 10, and en-
MD simulations. Water molecule transfers between differentergetic calculationgTable Il) allows us to divide up the pore
parts of the simulated system will provide the necessaryvater into three distinct parts: water near the pore \(aklt
chemical equilibration. The Gibbs ensemble may also be exauter layer, 0—-4.5 A from the surface, “bound” wakewa-
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FIG. 8. Hydrogen atom density profiles along the radius of the spherical
cavities.(a)—(g) correspond to the same systems as in Fig. 6.

ter in the center of the porginner” water), and “connect-
ing” water between thentsecond water layer, 4.5—7 A from
the surfacg

The main properties of the “inner” water are close to
the bulk. The “connecting” water shows specific orienta-
tional ordering with a preference for orientations of OH
bonds towards “bound” water along the cavity radius and
towards the “inner” water with an angle, which is close to
the tetrahedral value. Another peculiarity of the “connect-
ing” water is its increased number of configurations with
more than 4 H-bonds per molecule.

The “bound” water is strongly distorted with respect to
the bulk water. The average water—water interaction is
weaker and the number of H-bonds decreases appreciably
(Table ll). The orientational ordering reflects preferential ori-
entations of the OH bonds normal to the cavity radius or
along it. The radial distribution functiongg_o(r) of
“bound” water differs strongly from both the bulk water and
the other water layers in the cavity. The additional intensity
at the highr side of the first peak ajo_o(r) is similar to the
observed changes in bulk water at high pressti@he ap-
pearance of an additional maximumdg_q(r) around 5.45

Brovchenko, Paschek, and Geiger

-1.0 -0.5 0.0 0.5 1.0

COS O

s o ' ] FIG. 9. Angular distributionsw is the angle between the OH vectors and the
' cavity radius.R,=12 A; U= —4.62 kcal/mol;T=300 K (No. 3. (@) Inner

0.
0.1 ww__\/\/\ 9) layer; (b) intermediate layerfc) outer layer.

-1.0 -0.5 0.0 0.5 1.0

Cos o

'8_\1 which _corresponds to t_he d(_JUb"ng of the position of thegg, 10, Angular distributionse is the angle between the dipole moment
first maximum, reflects distortion of the tetrahedral waterand the cavity radius. Same presentation as in Fig. 9.
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FIG. 11. Mean-square displacements of oxygen atoms as a function of time
in spherical cavities witrR,=12 A, U= —4.62 kcal/mol(solid line), U
= —1.93 kcal/mol(dotted ling. Note the logarithmic scales.
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structure towards a square lattice or towards the structure of o »

high density ice with interpenetratinga hvdroaen bondFIG. 12. Dependence of the self-diffusion coefficient of water molecule on
g 86 y o . P g hy . 9 " its distance from the center of the spherical cavRy=12 A; T=300K;

network™ A similar maximum was observed in the radial circles, U= —4.62 kcal/mol(No. 3), squaresl = — 1.93 kcal/mol(No. 8).

distribution function of bulk water at high pressﬁﬁand in Solid line corresponds to the bulk water. Water density profiles of the cor-

some simulations of water on a structured surfRéEBut in responding systems are shown by dotted lines in arbitrary scales. Note the

. .. inverted scale for the diffusion coefficients.

the latter case it reflected the definite structure of the surface,

whereas here we used a smooth surface. The changes of

0o-d(r) in the first outer layer with respect to the bulk reflect V. CONCLUSIONS

a decrease of the short-range order of “bound” water. This

agrees well with experimental x-ray diffraction studies of

water in pores.

Simulations of water in spherical cavities in equilibrium
with bulk water were done in the GE. The successful use of
: . i _ GE simulation method for this particular case shows that it
The single remaining water layer in the cavity Wi a3y pe used for simulations of water in various confined
=6 A, shows essentially the properties of “bound” water, gnyironments in equilibrium with bulk water and also for

but its orientational ordering is similar to the ordering of siner kinds of coexisting dense water phases.

“‘connecting” water in larger cavities. For all simulated sys- Liquid water exists in a spherical cavity only if its inter-

tems the structural properties of water in cavities are not veryction with the surface exceeds some critical value. Strength-

sensitive to a temperature increase from 300 K to 350 K. ening of the water—surface interaction causes an increase of
In general, we observe two prominent water layers neathe average water density by more than 20%. The first two

the surface. The structural properties of the first layer differouter water layergup to 7 A from the surfageshow specific

strongly from the bulk, whereas “inner” water is close to the structural properties, whereas the properties of inner water

bulk. Changing the cavity size o9 A to 15 Aresults in  are close to the bulk. The diffusivity of water always de-

increase of the percentage of “inner” water, but the maincreases in spherical cavities with respect to the bulk.

properties of the different species of water remain un-

changed. The obtained layering suggests to expect specif’iCKNOWLEDGMENTS

thermodynamical properties of the water withi A from
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