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Confined water in the low hydration regime
P. Gallo, M. Rapinesi, and M. Roverea)

Dipartimento di Fisica, Universita` ‘‘Roma Tre,’’ Istituto Nazionale per la Fisica della Materia,
Unità di Ricerca Roma Tre Via della Vasca Navale 84, 00146 Roma, Italy

~Received 5 February 2002; accepted 2 April 2002!

Molecular dynamics results on water confined in a silica pore in the low hydration regime are
presented. Strong layering effects are found due to the hydrophilic character of the substrate. The
local properties of water are studied as function of both temperature and hydration level. The
interaction of the thin films of water with the silica atoms induces a strong distortion of the hydrogen
bond network. The residence time of the water molecules is dependent on the distance from the
surface. Its behavior shows a transition from a Brownian to a non-Brownian regime approaching the
substrate in agreement with results found in studies of water at contact with globular proteins.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1480860#
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I. INTRODUCTION

Thin films of water confined in restricted geometri
play an important role in many different phenomena in ge
ogy, chemistry, biology. Important processes taking place
minerals, plants, biological membranes are determined
the presence of water confined in nanopores inside the
tem or at contact with the surface.1–3 In biology for instance
the enzymatic activity of globular proteins or the function
biological membranes are due to the interaction with wat1

and the decrease of the hydration level may inhibit their b
logical functionality.4 It is still difficult to predict accurately
how the properties of water are modified when it is at cont
with the various substrates or confined in different geo
etries. Nevertheless recent theoretical and computati
work on water confined in hydrophobic rigid environmen
indicate strong changes in its thermodynamical behavior5,6

A strong reduction of the tetrahedral order with cons
quent distortion of the hydrogen bond network has been
denced by neutron scattering experiments with isotopic s
stitution performed on water confined in Vycor,7,8 by
experiments performed on freezing of water confined in
hydrophilic environment of mica,9 and in water confined in
vermiculite clay.10 These findings are in agreement with r
cent computer simulation results.11–13 Particularly relevant
are the observations in experiments and computer simula
of the formation of distinct layer of water with differen
structural and dynamical properties: an interfacial layer cl
to the substrate, where water molecules show a slow dyn
ics, and a layer far from the surface with almost bulkli
properties.14–20The layering effect is expected to be releva
in many phenomena associated with confined water. Th
are experimental evidences of a slow relaxation of wate
contact with proteins,21–25 while signatures of a similar be
havior has been found in water confined in Vycor for lo
hydrations.26

As long as a detailed description of the microsco
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properties of water at interface with complex materials li
biological macromolecules is difficult to be obtained it cou
be appropriate to use model systems with well defined
ometry and interaction between water and substrate.
present here the results obtained by a molecular dynam
~MD! study of a model of water confined in Vycor at lo
hydration levels. By computer simulation we can freely va
temperature and hydration level and make an accurate s
of the changes induced in the properties of water by
confinement. This work is part of a detailed study of t
structural and dynamical properties of confin
water.12,13,18–20

The low hydration regime is somehow more important
be explored at least for two main reasons:~i! the effect of the
substrate on the confined water is expected to be enhan
~ii ! the experimental observations are the result of an a
aging over different water layers and an accurate analysi
the low hydration regime is the only way to gain some
sight on the water–substrate interaction.

An accurate layer analysis enables us to examine
modifications of the main structural properties of confin
water and to make connection with recent experimental
computer simulation results which concern water at con
with proteins.

In Sec. II we briefly describe our simulation method;
Secs. III, IV, and V we present the main results of our c
culation. Section VI is devoted to conclusions.

II. COMPUTER SIMULATION OF CONFINED WATER

The computer simulation is performed in the microc
nonical ensemble on water molecules described by
simple point charge/extended~SPC/E! site model potential
inserted in a cylindrical cavity of radius 20 Å. The cavity h
been carved in a cubic cell of silica glass obtained by co
puter simulation, as described in previous work.12,13,20 The
system is modeled to represent water confined in Vycor,
internal surface of the cylindrical cell is corrugated and co
posed by silicon atoms~Si!, bridging oxygens~BO! which
are bonded to two silicons and nonbridging oxygens~NBO!
il:
© 2002 American Institute of Physics
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connected only to one silicon. The NBO are saturated w
acidic hydrogens~AH!. The interaction of water with the
substrate is modeled by assigning different charges to
sites representing the atoms of Vycor. A Lennard-Jones in
action is assumed between the oxygens of water and the
and NBO of the confining system.12 Periodic boundary con
ditions are applied along the axis of the cylinder assumed
thez direction. The motion is confined in thexy plane, where
the distance from the axis is defined in terms of the rad
R5Ax21y2. During the simulation the substrate is ke
rigid.

The density of the full hydration in the experiment7

0.0297 Å23 corresponds in our system to roughlyNW

52600 molecules. We performed our simulation at three
ferent hydration levelsNW5500 which corresponds to 19%
of hydration, NW51000 ~38%! and NW51500 ~58%!. In
Fig. 1 the snapshots of the configurations at the three dif
ent hydration levels show the hydrophilic character of
substrate.

III. DENSITY PROFILES

In the density profiles reported in Fig. 2 it is evident f
all the hydrations the formation of a well defined first lay
of molecules close to the surface, while a second layer gr
up with the hydration level. Few molecules penetrate and
trapped inside the substrate (R.20 Å!. We notice that at the
highest hydration (NW51500) the density in the doubl
layer structure increases above the value of density of w
at ambient conditions. The decrease of temperature has
little effect on the density profiles, apart from the sharpen
of the second layer at the hydrationNW51500.

It is clear from Fig. 1 that the arrangement of the m
ecules close to the Vycor surface is not uniform and
formation of clusters of different sizes is observed; this
even more evident in Fig. 3, where we report a histogram
the distribution of the molecules in thexy plane along a
circumference at distanceR517.5 Å, where the density pro
file reaches the maximum. The cluster sizes fluctuate u
hundred molecules with an average value of 40 molecu

FIG. 1. Snapshots of the configuration of water molecules at room temp
ture. From above and from the leftNW5500, NW51000, NW51500.
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this is in agreement with neutron diffraction experiments27

where clusters of the same size are observed at similar v
of the hydration.

IV. LAYER ANALYSIS OF THE HYDROGEN BOND

Figure 4 shows the average number of hydrogen bo
~HB! per molecule along the pore radius for the differe
hydration levels. We assume that two neighbors water m
ecules are hydrogen bonded if the H–O•••O angle is,30°.28

Two water molecules are considered neighbors if their O
separation is,3.35 Å. The number of water–water HB
Nww

HB(R) decreases approaching the surface, while inside
double layer structure it grows up the number of HB of t
water with the Vycor surfaceNwv

HB(R). The water molecules
form preferentially hydrogen bonds with the bridging ox
gens. The arrangement of the clusters close to the Vy
surface is mainly determined by this type of bonds. T
number of HB between water molecules and the acidic

a-

FIG. 2. Density profiles of the confined water along the pore radius
different hydration levels. From belowNW5500, NW51000, NW51500 at
two different temperatures:T5300 K ~solid line!, T5220 K ~dotted line!.
The density is normalized to the value for water at ambient tempera
rbulk50.0334 Å23.

FIG. 3. Instantaneous density profile forNW5500 at room temperature in
thexy plane along a circumference of radiusR517.5 Å corresponding to a
maximum in the average density profile at the same hydration~see Fig. 2!.
The density profile is obtained from the snapshot in Fig. 1 and shows
arrangement of the molecules in clusters.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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371J. Chem. Phys., Vol. 117, No. 1, 1 July 2002 Confined water in the low hydration regime
atoms is negligible on the scale of the figure. TheNwv
HB(R)

curves do not show substantial differences as function
hydration level of the pore.

In Fig. 5 the radial profile of the water–Vycor bonds
compared with the density profile of the bridging oxygens
the surface; by considering that the bond length is appr
mately 2 Å there is a clear correspondence between the
profiles. It is evident that the bridging oxygens substitute
acceptors the water oxygens approaching the surface s
the total number of HBNtot

HB(R)5Nww
HB(R)1Nwv

HB(R), also

FIG. 4. Variation of the average number of hydrogen bonds per mole
along the pore radius atT5300 K for NW5500 ~top!, NW51000~middle!,
andNW51500 ~bottom! at room temperature. The solid line is the wate
water Nww

HB(R), the dotted line is the water–VycorNwv
HB(R), and the long

dashed line represents the totalNtot
HB(R).

FIG. 5. The profile of the average number of water–Vycor hydrogen bo
per molecule along the pore radius~top! compared with a profile of the
number of bridging oxygens~bottom! on the Vycor substrate (NW51000
andT5300 K!.
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reported in Fig. 4, remains practically constant. The ma
mum number of water–water HB grows with increasing h
dration level since more water molecules become availa
for the formation of bonds. The maximum is located arou
R516 Å, where the density profile shows a minimum~see
Fig. 2!, in agreement with the fact that the hydrogen bon
increase with decreasing density at room temperature
upon supercooling.29

At lower temperatures the number of water–water a
water–Vycor hydrogen bonds increases but the profiles
similar to those shown in Fig. 4 atT5300 K.

In Fig. 6 we report the radial profiles of the avera
number of water–water hydrogen bonds compared with
profiles of the average number of neighborsNnn. The ratio
between the two quantitiesNww

HB(R)/Nnn(R) estimates the
number of molecules forming hydrogen bonds between
neighbors. It can be considered as a measure of the rig
of the hydrogen bond network and it is reported in Fig. 7
selected values of the hydration and temperature. The rat
smaller close to the surface (R.16 Å! where the hydrogen
bonds are made mainly with the Vycor surface. Below 16
each molecule is able to make hydrogen bonds with alm
all its neighbors.

The network becomes more rigid on lowering the te
perature~see Fig. 7! since the number of hydrogen bond
increases while the number of neighbors is almost insens
to the variation of temperature, like in the density profiles
Fig. 2. This might be possibly related to the recently p
posed fragile to strong transition for strongly confin
water.10

We can conclude that the water molecules rearra
themselves at decreasing temperature in order to maxim
the number of hydrogen bonds. We observe moreover
the rigidity increases at decreasing hydration~see inset of

le

s

FIG. 6. Comparison of the water–water hydrogen bonds per mole
Nww

HB(R) ~top! and the average number of nearest-neighbor water molec
Nnn(R) ~bottom! along the pore radius for the hydration levelNW51500,
NW51000, andNW5500 in descending order at temperaturesT5300 K
~solid!, T5220 K ~long-dashed!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Fig. 7! with some important consequences for the reside
times, as discussed later.

We investigated how the short range order presen
bulk liquid water is modified upon confinement by looking
the distribution of the hydrogen bond angles. Figure 8 sho
the distribution of cos(u), whereu is the angle between th
intramolecular bond O–H and the intermolecular O•••O vec-
tor, for NW51000 and different temperatures. The wate
water linear hydrogen bonds are still favored like in bu
water; there is however a more pronounced tail toward la
angle with respect to bulk water. By lowering the tempe
ture the distribution peak becomes sharper indicating an
crease in the rigidity of the bonds. The distortion in the a
gular distribution with respect to the bulk is due to the wa
molecules close to the pore surface, as clearly appears in
inset of Fig. 8, where forNW5500 the separated contribu

FIG. 7. RatioNww
HB(R)/Nnn(R) along the pore radius forNW51000 at tem-

peratures T5300 K ~solid!, T5220 K ~long-dashed!. In the inset
Nww

HB(R)/Nnn(R) is reported atT5300 K for the hydrationsNW51500
~solid line!, NW51000 ~dotted line!, andNW5500 ~long dashed line!.

FIG. 8. Hydrogen bond angle distribution function,P(cosu) ~see text for
definition! for NW51000 and different temperatures:T5300 K ~solid!, T
5260 K ~dashed!, T5220 K ~long dashed!. In the inset forNW5500, layer
analysis of the distribution atT5300, 0,R,16 Å ~long dashed!, 16,R
,20 Å ~solid!.
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tions from the layer 0,R,16 Å and 16,R,20 Å are
shown. For the molecules close to the surface the peak o
angular distribution is depressed while there is a large
crease of the tail at high angle, the angular distribution of
molecules closer to the interior of the pore is similar to t
one of the bulk water.

The distortion of the hydrogen bonds is confirmed
experimental studies on water confined in Vycor7,8 and at
contact with other surfaces.9

We studied by layer analysis the local arrangement of
nearest neighbor molecules by looking to the distribution
the angleg between the two vectors joining the oxygen ato
of a water molecule with the oxygen atoms of the two clos
water neighbors. This distribution in the computer simulati
of bulk water at ambient condition has a well defined pe
aroundg'109° @cos(g)'20.326#; this peak is a signature
of the tetrahedral order present in liquid water at short ra
distance. There is also a secondary peak atg'54° corre-
sponding to interstitial neighbor molecules. These findin
are in agreement with experimental results on water at
bient conditions.28 In Fig. 9 we report a layer analysis of th
distribution function of cos(g) of water in Vycor for different
hydrations. The molecules in the layer 0,R,16 Å for NW

51500 andNW51000 show a distribution very similar to
what is found in the simulation of bulk water; the distrib
tions become sharper at lower temperature. ForNW5500 the
peak shifts toward 90°, the value at which the maximum
located forT5220 K. This behavior for the lowest hydratio
is in agreement with experimental results indicating that
confined water freezing in a cubic crystalline phase could
favored.30

As a matter of fact a good short range order is pres
for all the hydrations in the layer 0,R,16 Å, where the
water molecules are able to form hydrogen bonds with

FIG. 9. Layer analysis of the angular distributions of the angle between
oxygens of three nn water molecules, shown forNW5500 ~top!, NW

51000~middle!, N51500~bottom! at T5300 K ~solid line! andT5220 K
~dashed line!. For each hydration the figure shows the angular distribut
for the layer 0,R,16 Å on the left, the layer 16,R,18 Å in the center
and the layer 18,R,20 Å closest to the substrate on the right. For co
parison the angular distribution for ambient water is shown as a dotted
in the first inset at bottom on the left.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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373J. Chem. Phys., Vol. 117, No. 1, 1 July 2002 Confined water in the low hydration regime
most all their neighbors as discussed above~see Fig. 6!.
In the layer closest to the Vycor surface 16,R,18 Å

the tetrahedral arrangement is completely lost due to the
mation of hydrogen bonds between water molecules and
substrate. The temperature has very little effect on these
tributions. In the layer 18,R,20 Å the specific shape of th
distribution is not very significant and indicates the stro
distortion of the hydrogen bonds formed by the molecu
found in the inner surface of the pore.

V. RESIDENCE TIME

The dynamics of the molecules of confined water
strongly determined by the interaction with the substrate
Fig. 10 is reported the trajectory of the center-of-mass o
molecule which resides at the beginning in the first laye
roughly 2 Å from the surface for the caseNW5500. At am-
bient temperature the molecule oscillates mainly between
two layers and persists in a position for fractions of nanos
onds; at lower temperature the molecule oscillates for all
time explored around the same position and does not go
from its initial layer.

Figure 11 shows how the average residence time of
water molecules changes along the pore radius for diffe
hydrations and temperatures. The residence time for e
region is calculated as

t res5(
i 51

NW

(
k51

qi

Dt ik Y (
i 51

NW

qi , ~1!

whereDt ik is the fraction of time that the moleculei spent
during thekth visit in the region. For all hydrations oscilla
tions are present which are particularly marked forNW

5500. The residence time reaches the maximum value
the surface. The structure of the residence time profi
around the two main peaks is reminiscent of the double la
structure of the density profiles~see Fig. 2!. Apart for the
layer attached to the Vycor surface the molecules have lon
residence time in the regions where the density profiles h

FIG. 10. Trajectory of the center-of-mass of a molecule in thexy plane
dxy(t)5Ax2(t)1y2(t) for NW5500 and temperatureT5300 K ~black line!,
T5220 K ~dashed line!.
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local maximal values, while the residence time minimum
found roughly at the minimum of the density distributio
between the two layers. The water molecules stay fo
shorter time in the range between the two layers where
maximum of the water–water HB profile is located. So in t
region of minimum density the HB formed are not ve
stable.

The maxima of the residence time are enhanced by
creasing the hydration. As discussed in Sec. IV this eff
can be explained in terms of an increase of the rigidity of
hydrogen bond network at decreasing hydration.

Close to the substrate where an elevated numbe
water–Vycor hydrogen bondsNwv

HB are present a compariso
of the average residence time in the zone 16,R,20 Å with
Nwv

HB shows that the two quantities are proportional in t
range of temperature explored

t res~T!5C NNwv
HB~T!, ~2!

where the constantCN increases at decreasing hydration lev
going from 10 forNW51500 to 20 forNW5500.

The distributions of the residence times in the differe
layers show peculiar features, as illustrated in Fig. 12
NW51500 at room temperature. The distributionsP(t res) for
the layers more close to the surface are well described b
power law,

P~ t !5at2m, ~3!

where for the molecules in layer 16,R,20 Å m51.51,
while by considering the layer 14,R,20 Å m51.36. This
behavior is a signature of a non-Brownian motion of t
particles and it is observed at all the hydration levels
plored in this work. Non-Brownian diffusion has been foun
recently in neutron scattering experiment and MD simulat
on water at contact with a globular protein24 where the dis-
tribution of the residence times of the water molecules in

FIG. 11. Average residence time of the water molecules along the p
radius forT5300 K ~solid line! and T5220 K ~long dashed! at different
hydrations:NW5500 ~top!, NW51000 ~middle!, NW51500 ~bottom!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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layers close to the protein surface is fitted to Eq.~3! with
exponentsm in fairly good agreement with the exponen
found in the present work.

For water molecules far from the protein surface it
found24 that the Brownian regime is established with an e
ponential decays of the residence time distribution. In
inset of Fig. 12 the residence time distribution is reported
the internal layer 0,R,16 Å of our system; also in our cas
the decay at long time can be fitted with an exponential,

P~ t !5be2Bt. ~4!

VI. SUMMARY AND CONCLUSIONS

The structural properties of water confined in a cav
representing the average properties of the pores of Vy
glass have been studied by computer simulation. Water m
ecules are attracted by the hydrophilic surface and form
double layer structure of 4–5 Å. In this region it is found th
the local properties of water are strongly dependent on
hydration level and the distance from the substrate.

The hydrogen bond network is deformed with respec
bulk water, in agreement with experimental results.7–9 At a
distance greater than 4 Å from the surface for the highes
hydrations investigated (NW51500 andNW51000) the wa-
ter molecules are arranged in a local tetrahedral order sim
to bulk water, while approaching the substrate the wat
Vycor hydrogen bonds substitute the water–water hydro
bonds and the tetrahedral order is completely lost. At
lowest studied hydration (NW5500) the local order far from
the surface is compatible with nucleation of a cubic crys
line phase at low temperature. Experimental evidences
nucleation of cubic ice has been indeed found for water
der confinement.30

At a given hydration the average number of water–wa
HB increases with decreasing temperature while the num
of nearest neighbors remains constant; this implies that

FIG. 12. Residence time distribution at room temperature forNW51500
calculated for different layers: 16,R,20 Å ~triangles! and bottom curve,
14,R,16 Å ~circles! and top curve; in both cases the solid line is t
power law fit @see Eq.~3!#. In the inset is reported the result for the lay
0,R,16 Å, the solid line is the fit to the exponential law of Eq.~4!.
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hydrogen bond network becomes more rigid upon superc
ing. The effect is accentuated by decreasing the hydrat
These findings are consistent with the recently propo
fragile to strong transition for strongly confined water.10

The analysis of the residence time of the water m
ecules along the pore radius evidenced connections betw
this quantity and the density profiles, the water molecu
persist for longer time in the regions of the maxima of t
double layer structure and very close to the Vycor surfac

The residence time distributions show an anomalo
non-Brownian behavior in the layers close to the substr
with a power law decay for a long time. On the contrary, t
distributions decay exponentially in the layers far from t
surface. Experimental and computer simulation studies
water at contact with a globular protein24 show a similar
behavior. This agreement indicates that there are us
analogies between the behavior of water confined in Vy
and the behavior of water at contact with proteins. This
confirmed by a more refined analysis of the dynamical pr
erties of confined water in the low hydration regime.31
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