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Confined water in the low hydration regime
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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 Physic§DOI: 10.1063/1.1480860

I. INTRODUCTION properties of water at interface with complex materials like
biological macromolecules is difficult to be obtained it could

Thin films of water confined in restricted geometries be appropriate to use model systems with well defined ge-
play an important role in many different phenomena in geol-ometry and interaction between water and substrate. We
ogy, chemistry, biology. Important processes taking place irpresent here the results obtained by a molecular dynamics
minerals, plants, biological membranes are determined byMD) study of a model of water confined in Wecor at low
the presence of water confined in nanopores inside the sy&ydration levels. By computer simulation we can freely vary
tem or at contact with the surfa¢e® In biology for instance temperature and hydration level and make an accurate study
the enzymatic activity of globular proteins or the function of of the changes induced in the properties of water by the
biological membranes are due to the interaction with whter,confinement. This work is part of a detailed study of the
and the decrease of the hydration level may inhibit their biostructural and dynamical properties of confined
logical functionality? It is still difficult to predict accurately water?13:18-20
how the properties of water are modified when it is at contact  The low hydration regime is somehow more important to
with the various substrates or confined in different geom-be explored at least for two main reasofisthe effect of the
etries. Nevertheless recent theoretical and computationaubstrate on the confined water is expected to be enhanced,;
work on water confined in hydrophobic rigid environments (ii) the experimental observations are the result of an aver-
indicate strong changes in its thermodynamical behafior. aging over different water layers and an accurate analysis of

A strong reduction of the tetrahedral order with conse-the low hydration regime is the only way to gain some in-
quent distortion of the hydrogen bond network has been evisight on the water—substrate interaction.
denced by neutron scattering experiments with isotopic sub- An accurate layer analysis enables us to examine the
stitution performed on water confined in Wcdt, by — modifications of the main structural properties of confined
experiments performed on freezing of water confined in arwater and to make connection with recent experimental and
hydrophilic environment of micd,and in water confined in computer simulation results which concern water at contact
vermiculite clay'® These findings are in agreement with re- with proteins.
cent computer simulation resufts:'® Particularly relevant In Sec. Il we briefly describe our simulation method; in
are the observations in experiments and computer simulatiofecs. I, 1V, and V we present the main results of our cal-
of the formation of distinct layer of water with different culation. Section VI is devoted to conclusions.
structural and dynamical properties: an interfacial layer close
to the substrate, where water molecules show a slow dynam-
ics, and a layer far from the surface with almost bulklike”' COMPUTER SIMULATION OF CONFINED WATER
properties*~?°The layering effect is expected to be relevant  The computer simulation is performed in the microca-
in many phenomena associated with confined water. Thergonical ensemble on water molecules described by the
are experimental evidences of a slow relaxation of water a§imple point charge/extendd@PC/B site model potential
contact with proteind!~2®while signatures of a similar be- inserted in a cylindrical cavity of radius 20 A. The cavity has
havior has been found in water confined in Wcor for low been carved in a cubic cell of silica glass obtained by com-
hydrations>® puter simulation, as described in previous wtrk>?°The

As long as a detailed description of the microscopicsystem is modeled to represent water confined in Wecor, the
internal surface of the cylindrical cell is corrugated and com-

3Author to whom correspondence should be addressed. Electronic maiP0Sed by silicon ato_r_n@i), bridging O_XYQ_eHiBO) which
rovere@fis.uniroma3.it are bonded to two silicons and nonbridging oxygéxBO)

0021-9606/2002/117(1)/369/7/$19.00 369 © 2002 American Institute of Physics

Downloaded 25 Jun 2002 to 193.204.162.2. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



370 J. Chem. Phys., Vol. 117, No. 1, 1 July 2002 Gallo, Rapinesi, and Rovere

pLa) L)l | ¥ ,
St eTa i e
P Ly

P/Pouik

5 10 15 20
R(A)

FIG. 2. Density profiles of the confined water along the pore radius for

) . different hydration levels. From beloi,,= 500, N,,= 1000, N,,= 1500 at
FIG. 1. Snapshots of the configuration of water molecules at room temperg; differe);lt temperatured—300 K (sglid ling TW: 220 K (dvétted line.

ture. From above and from the léfh,= 500, Ny= 1000, Nw=1500. The density is normalized to the value for water at ambient temperature

Pou=0.0334 A3,

connected only to one silicon. The NBO are saturated with
acidic hydrogendAH). The interaction of water with the this is in agreement with neutron diffraction experime’ﬁts,

sgbstrate IS mpdeled by assigning different charges t? thﬁ/here clusters of the same size are observed at similar value
sites representing the atoms of Wcor. A Lennard-Jones inter-

action is assumed between the oxygens of water and the Be)f the hydration.

and NBO of the confining systefi.Periodic boundary con-

ditions are applied along the axis of the cylinder assumed a¥/. LAYER ANALYSIS OF THE HYDROGEN BOND
thez direction. The motion is confined in the plane, where
the distance from the axis is defined in terms of the radiu
R=x?*+y?. During the simulation the substrate is kept
rigid.

Figure 4 shows the average number of hydrogen bonds
?HB) per molecule along the pore radius for the different
hydration levels. We assume that two neighbors water mol-

: I . ecules are hydrogen bonded if the H-@ angle is<30°%®
The density of the full hydration in the experimehts Two water molecules are considered neighbors if their O—O

0.0297 A3 corresponds in our system to roughly L
= 2600 molecules. We performed our simulation at three dif_separatlon is<3.35 A. The number of water—water HB

ferent hydration level#,,=500 which corresponds to 19% NwVBV(R) decreases approaching the surface, while inside the

. double layer structure it grows up the number of HB of the
= 0, = 0,
of hydration, Nyy=1000 (38%) and Ny=1500 (58%). In water with the Wcor surfacel\f'VE(R). The water molecules

Fig. 1 the snapshots of the configurations at the three differ: . . S
. . form preferentially hydrogen bonds with the bridging oxy-
ent hydration levels show the hydrophilic character of the
substrate gens. The arrangement of the clusters close to the Wcor
' surface is mainly determined by this type of bonds. The
IIL. DENSITY PROFILES number of HB between water molecules and the acidic H

In the density profiles reported in Fig. 2 it is evident for
all the hydrations the formation of a well defined first layer 3
of molecules close to the surface, while a second layer grows
up with the hydration level. Few molecules penetrate and are
trapped inside the substrat®¥ 20 A). We notice that at the
highest hydration ,=1500) the density in the double
layer structure increases above the value of density of water
at ambient conditions. The decrease of temperature has very
little effect on the density profiles, apart from the sharpening
of the second layer at the hydratidy,=1500.

It is clear from Fig. 1 that the arrangement of the mol-
ecules close to the Wecor surface is not uniform and the
formation of clusters of different sizes is observed; this is
even more evident in Fig. 3, where we report a histogram of
the distribution of the molecules in they plane along a FIG. 3. Instantaneous density profile fidg,=500 at room temperature in
circumference at distande®=17.5 A. where the density pro- the xy plane along a circumference of radiRs=17.5 A corresponding to a
fil h h . h I’ . fl yp maximum in the average density profile at the same hydrdtiea Fig. 2
lle reaches the maximum. The cluster sizes fluctuate Up t9ne density profile is obtained from the snapshot in Fig. 1 and shows the
hundred molecules with an average value of 40 moleculesjrrangement of the molecules in clusters.
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N",*VE,(R) (top) and the average number of nearest-neighbor water molecules
FIG. 4. Variation of the average number of hydrogen bonds per moleculéNn(R) (bottom along the pore radius for the hydration lew),= 1500,
along the pore radius at=300 K for Ny,= 500 (top), Ny, = 1000 (middle), Nw=1000, andNy=>500 in descending order at temperatufles 300 K
and Ny,= 1500 (bottom) at room temperature. The solid line is the water— (solid), T=220 K (long-dashef
water NHB(R), the dotted line is the water—\Wcti!2(R), and the long
dashed line represents the toifi®(R).

reported in Fig. 4, remains practically constant. The maxi-
atoms is negligible on the scale of the figure. ME'(R)  mum number of water—water HB grows with increasing hy-
curves do not show substantial differences as function ofiration level since more water molecules become available
hydration level of the pore. for the formation of bonds. The maximum is located around
In Fig. 5 the radial profile of the water—\Wcor bonds is R=16 A, where the density profile shows a minimysee
compared with the density profile of the bridging oxygens atFig. 2), in agreement with the fact that the hydrogen bonds
the surface; by considering that the bond length is approxiincrease with decreasing density at room temperature and
matey 2 A there is a clear correspondence between the twapon supercooling’
profiles. It is evident that the bridging oxygens substitute as At lower temperatures the number of water—water and
acceptors the water oxygens approaching the surface sing@ater—\iycor hydrogen bonds increases but the profiles are
the total number of HBN{;?(R)=N{{5(R)+N{>(R), also  similar to those shown in Fig. 4 dt=300 K.
In Fig. 6 we report the radial profiles of the average
number of water—water hydrogen bonds compared with the
1.5 y y y profiles of the average number of neighbdtg,. The ratio
between the two quantitiedl’(R)/N,(R) estimates the
number of molecules forming hydrogen bonds between the

-
T
L

& neighbors. It can be considered as a measure of the rigidity
£:05 | . of the hydrogen bond network and it is reported in Fig. 7 for
selected values of the hydration and temperature. The ratio is
0 . . . smaller close to the surfac®{16 A) where the hydrogen
16 17 18 19 20 bonds are made mainly with the Wcor surface. Below 16 A
200 each molecule is able to make hydrogen bonds with almost

all its neighbors.

150 ¢ ] The network becomes more rigid on lowering the tem-

) 100 | ] perature(see Fig. 7 since the number of hydrogen bonds
B increases while the number of neighbors is almost insensible

50 | 1 to the variation of temperature, like in the density profiles in

Fig. 2. This might be possibly related to the recently pro-

013 19 20 24 29 posed fragile to strong transition for strongly confined

R (A) water®?

FIG. 5. The orofile of th ber of water—weor hyd bond We can conclude that the water molecules rearrange
.o e profiie o € average number or water—\Vvycor nyarogen bon . . P
per molecule along the pore radi@op) compared with a profile of the themselves at decreasing temperature in order to maximize
number of bridging oxygengbottom on the \ycor substrateNy,=1000  the n.u_m_ber. of hydrogen bonds. We Obserye moreover that

and T=300 K). the rigidity increases at decreasing hydrati@ee inset of
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FIG. 7. RatioN®(R)/N,(R) along the pore radius fdd,,=1000 at tem-
peratures T=300 K (solid), T=220 K (long-dashe In the inset
NMB(R)/N(R) is reported atT=300 K for the hydrationsN,,=1500
(solid ling), Ny,= 1000 (dotted ling, andN,y=500 (long dashed ling

FIG. 9. Layer analysis of the angular distributions of the angle between the
oxygens of three nn water molecules, shown féy=500 (top), Ny
=1000(middle), N=1500(bottom at T=300 K (solid line) andT=220 K
(dashed ling For each hydration the figure shows the angular distribution
for the layer 6<R<16 A on the left, the layer 16R<18 A in the center
and the layer 18 R<20 A closest to the substrate on the right. For com-
parison the angular distribution for ambient water is shown as a dotted line
in the first inset at bottom on the left.
Fig. 7) with some important consequences for the residence
times, as discussed later.

We investigated how the short range order present in,
bulk liquid water is modified upon confinement by looking at tions from the layer 8R<16 A and 16<R<20 A are
the distribution of the hydrogen bond angles. Figure 8 showSnoWn- For the molecules close to the surface the peak of the
the distribution of cosf), where @ is the angle between the angular dlstnbu.'uon is depressed while ther.e is a_large in-
intramolecular bond O—H and the intermolecular-O vec-  crease of the tail at high angle, the angular distribution of the
tor, for Ny,=1000 and different temperatures. The water—molecules closer to the interior of the pore is similar to the
water linear hydrogen bonds are still favored like in bulk ©"€ Of the bulk water. , ,
water; there is however a more pronounced tail toward large '€ distortion of the hydrogen bonds is confirmed by
angle with respect to bulk water. By lowering the tempera-£XPerimental studies on water confined in Weband at
ture the distribution peak becomes sharper indicating an incontact with other surfacés. _
crease in the rigidity of the bonds. The distortion in the an- Ve studied by layer analysis the local arrangement of the
gular distribution with respect to the bulk is due to the water€arest neighbor molecules by looking to the distribution of
molecules close to the pore surface, as clearly appears in tig€ @ngley between the two vectors joining the oxygen atom
inset of Fig. 8, where foNy,=500 the separated contribu- Of & water molecule with the oxygen atoms of the two closest
water neighbors. This distribution in the computer simulation
of bulk water at ambient condition has a well defined peak
aroundy=~109° [ cos(y)~—0.326]; this peak is a signature
of the tetrahedral order present in liquid water at short range
distance. There is also a secondary peakyat4° corre-
sponding to interstitial neighbor molecules. These findings
are in agreement with experimental results on water at am-
bient condition$® In Fig. 9 we report a layer analysis of the
distribution function of cosy) of water in Vicor for different
hydrations. The molecules in the layex®<16 A for Ny,
=1500 andN,,=1000 show a distribution very similar to
what is found in the simulation of bulk water; the distribu-
tions become sharper at lower temperature.NQe= 500 the
peak shifts toward 90°, the value at which the maximum is
located forT =220 K. This behavior for the lowest hydration
is in agreement with experimental results indicating that in
confined water freezing in a cubic crystalline phase could be
favored®°

As a matter of fact a good short range order is present
for all the hydrations in the layer OR<16 A, where the
water molecules are able to form hydrogen bonds with al-

0.04 T T

0.03

0.02

P (cos 6)

0.01
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FIG. 8. Hydrogen bond angle distribution functidh(cosé) (see text for
definition) for Ny,=1000 and different temperature=300 K (solid), T
=260 K (dasheg, T=220 K (long dashed In the inset folN,,= 500, layer
analysis of the distribution af=300, 0<R<16 A (long dashel 16<R
<20 A (solid).
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FIG. 10. Trajectory of the center-of-mass of a molecule in xlyeplane o4
dyy (1) = VX2() + yZ(t) for Ny, =500 and temperatuf&= 300 K (black line, 6 8 10 12 14 16 18 2
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FIG. 11. Average residence time of the water molecules along the pore
. . . . radius forT=300 K (solid line) and T=220 K (long dashegat different
most all their neighbors as discussed absee Fig. 6. hydrations:Ny,= 500 (top), Ny =1000 (middle), Ny= 1500 (bottom).
In the layer closest to the Wcor surface<lR<18 A

the tetrahedral arrangement is completely lost due to the for-

mation of hydrogen bonds between water molecules and thg .o maximal values, while the residence time minimum is
Sl'JbSt'I’ate. The temperature has very little gffect on these digg ;ng roughly at the minimum of the density distribution
tributions. In the layer 18 R<20 A the specific shape of the between the two layers. The water molecules stay for a

distribution is not very significant and indicates the stronggporter time in the range between the two layers where the

distortion of the hydrogen bonds formed by the moleculesyayimum of the water—water HB profile is located. So in the

found in the inner surface of the pore. region of minimum density the HB formed are not very
stable.

V. RESIDENCE TIME The maxima of the residence time are enhanced by de-

._creasing the hydration. As discussed in Sec. IV this effect

¢ Thle gytnam!csdog t?ﬁ mt?[lecultgs of.t?]o'[r\r:‘lnedbvxiattter 'Iscan be explained in terms of an increase of the rigidity of the
strongly determined by the interaction wi € substrate. rhydrogen bond network at decreasing hydration.

Fig. 10 is reported the trajectory of the center-of-mass of a Close to the substrate where an elevated number of

molecule which resides at the beginning in the first layer at N HB .
roughly 2 A from the surface for the cadé,,=500. At am- water—\Vycor hydrogen bonds,,, are present a comparison

; . X of the average residence time in the zone<F6< 20 A with
bient temperature the molecule oscillates mainly between the 1 o . .
shows that the two quantities are proportional in the

two layers and persists in a position for fractions of nanosec- "

i : range of temperature explored
onds; at lower temperature the molecule oscillates for all the
time explored around the same position and does not go out tres(T)chN\',*vE(T), 2
from !ts initial layer. . . where the constardl increases at decreasing hydration level

Figure 11 shows how the average residence time of thrﬁ . _ _
. : oing from 10 forN,y= 1500 to 20 forN,,=500.

water molecules changes along the pore radius for differe

. . . The distributions of the residence times in the different
hydrations and temperatures. The residence time for each . . -
. ayers show peculiar features, as illustrated in Fig. 12 for
region is calculated as

Nyw= 1500 at room temperature. The distributidPd,.d for

Nw i Nw the layers more close to the surface are well described by a
tres:iZl kzl Atk Izl di (1) power law,

whereAt;, is the fraction of time that the moleculespent Py=at#, 3
during thekth visit in the region. For all hydrations oscilla- where for the molecules in layer 4R<20 A u=1.51,
tions are present which are particularly marked féy,  while by considering the layer ¥R<20 A =1.36. This
=500. The residence time reaches the maximum values &ehavior is a signature of a non-Brownian motion of the
the surface. The structure of the residence time profileparticles and it is observed at all the hydration levels ex-
around the two main peaks is reminiscent of the double layeplored in this work. Non-Brownian diffusion has been found
structure of the density profilesee Fig. 2. Apart for the  recently in neutron scattering experiment and MD simulation
layer attached to the Wcor surface the molecules have longem water at contact with a globular prot&where the dis-
residence time in the regions where the density profiles haveibution of the residence times of the water molecules in the
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10° . . , hydrogen bond network becomes more rigid upon supercool-
ing. The effect is accentuated by decreasing the hydration.
These findings are consistent with the recently proposed
11 fragile to strong transition for strongly confined wat®r.
The analysis of the residence time of the water mol-
. ecules along the pore radius evidenced connections between
s s ] this quantity and the density profiles, the water molecules
0 100 200 persist for longer time in the regions of the maxima of the
tps) double layer structure and very close to the Wcor surface.
The residence time distributions show an anomalous
non-Brownian behavior in the layers close to the substrate
with a power law decay for a long time. On the contrary, the
distributions decay exponentially in the layers far from the
surface. Experimental and computer simulation studies on
- . - water at contact with a globular protéfnshow a similar
10 t1° 10 behavior. This agreement indicates that there are useful
(bs) analogies between the behavior of water confined in Wcor
FIG. 12. Residence time distribution at room temperatureNge=1500  and the behavior of water at contact with proteins. This is
calculated for different layers: ¥6R<20 A (triangle$ and bottom curve,  confirmed by a more refined analysis of the dynamical prop-

14<R<16 A (circles and top curve; ip both cases the solid line is the erties of confined water in the low hydration regiﬁjle.
power law fit[see Eq.3)]. In the inset is reported the result for the layer

0<R<16 A, the solid line is the fit to the exponential law of E@).

107 |

residence time distribution

107 ¢
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