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Layer analysis of the structure of water confined in vycor glass
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A molecular dynamics simulation of the microscopic structure of water confined in a silica pore is
presented. A single cavity in the silica glass has been modeled as to reproduce the main features of
the pores of real VWcor glass. A layer analysis of the site—site radial distribution functions evidences
the presence in the pore of two subsets of water molecules with different microscopic structure.
Molecules which reside in the inner layer, close to the center of the pore, have the same structure
as bulk water but at a temperature of 30 K higher. On the contrary the structure of the water
molecules in the outer layer, close to the substrate, is strongly influenced by the water—substrate
hydrophilic interaction and sensible distortions of the H-bond network and of the orientational
correlations between neighboring molecules show up. Lowering the hydration has little effect on the
structure of water in the outer layer. The consequences on experimental determinations of the
structural properties of water in confinement are discusse®0@2 American Institute of Physics.
[DOI: 10.1063/1.1423662

I. INTRODUCTION equivalent to lowering the temperature in bulk w&t&t!!
Finally, besides and in partial disagreement with these inter-

The observation that in many real situations water ispretations of the experimental findings, two experimental
confined(in a rock, in a cell, in a microemulsion, in an ionic gyidences are well established:

channel, in interstellar bodies, etexplains the large interest

devoted to structural and dynamical properties of water if1) confined water can be easily supercooled down to lower
restricted geometries. During the last decade indeed several temperatures compared to the bulk;

experiments have been performed by using different techt2) the lower the hydration level, the lower the ice nucle-
niqgues and different confining substrates, that have evi- ation temperature.

denced a rich variety of phenomena, sometimes even more

puzzling than those known for bulk wafeMoreover recent The observation that the density profile of water in re-
theoretical studies have evidenced for confined water a thestricted geometries is not uniforti;*’ whatever the
modynamics more complex than that of bulk water. substrate—water interaction is, suggests that most of the mis-

In particular the comparison of the properties of bulkfits between the experimental observations reported above
and confined water that emerges from different experimentare due to averaging the response of different water layers,
is sometimes misleading. As a matter of fact the slowingthat cannot be easily isolated in the experiments, unless an
down of the translational and rotational motion upon con-accurate study as a function of the hydration level is per-
finement, evidenced by nuclear magnetic resondNééR)  formed. Molecular dynamicéMD) simulations performed in
(Ref. 3 and quasielastic neutron scatterif@ENS," appar-  realistic environments can be then of great help in better
ently contrasts with the lower average density deduced fofyierpreting the experimental data. As a matter of fact the

confined water with respect to the bulk state by small angl%ystem that has been more widely used by the
neutron scatteringSANS).5 Moreover neutron diffraction experimentalisfs>78101L18-24 confine water, namely, po-

EeNr[r;)s i);?;'msgzsgg an:Jr:]ebi?o?;Wnge:: k)lg(:hig))ritec?n "N rous Weor glasé! has also the advantage of being a simple
ydrog P molecular system, that can be computer simuld?&din the

confinement while experiments exploiting the isotopic H/D it t of qivi h ic int tai f at least th
substitution on water reveal a reduction of such bonds and & ¢ Pt O gving an-harmonic Interpretation of at feast the
structural properties of water in restricted geometries, we

lower tetrahedral ordér® in agreement with x-ray _ _ _
diffraction® On the other hand the analysis of the tempera-ha"e performed a layer analysis of the microscopic structure

ture derivatives of the radial distribution functiof®DF) of ~ ©Of water in Vycor glass, at different temperatures and hydra-

confined and bulk BO suggests that the structural rearrange-1ons.

ment upon lowering the temperature is the same for the two In Sec. Il we briefly describe the simulation method. In

systems. More recently the idea has been put forward thatSec. Ill we discuss how the calculation of the pair correlation

lowering the amount of water inside the confining matrix isfunctions can be performed by taking into account the finite
volume effects. In Sec. IV we introduce the layer analysis

JAuthor to whom correspondence should be addressed. Electronic maiﬁmd present the main results. The last section is devoted to

rovere @fis.uniroma3.it the conclusions.

0021-9606/2002/116(1)/342/5/$19.00 342 © 2002 American Institute of Physics

Downloaded 22 Jan 2002 to 193.204.162.101. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 116, No. 1, 1 January 2002 Structure of water confined in vycor glass 343

Ill. EXCLUDED VOLUME EFFECTS ON THE PAIR
CORRELATION FUNCTIONS

The calculation of the site—site radial distribution func-
tions (SSRDB in computer simulation is not straightforward
when dealing with a confined system, since excluded volume
effects must be carefully taken into accofinf:?42°

From the MD simulation we can calculate in the usual
way the average numbefZ)(r) of sites of typeg lying in a
spherical shelAv(r) at distancer from a site of typea.
Then normalizing to the average number of atoms of an ideal
gas at the same density in the same spherical shell, one
obtaing®

gaﬁ(r): N'B—, (1)

FIG. 1. Projection on th@-y plane of a snapshot from simulation of 1500
molecul_es of pure SI_DC_/E water inside a cylindrice_ll cavity of Wcor gIass.WhereNB is the total number of sites and/p is the volume
e o yaans e ack ant choens e aray o1 ME1CESof the simulation cell
At variance with a bulk liquid, if we consider a collec-
tion of noninteracting particles in a confining volume, where
II. MOLECULAR DYNAMICS OF CONFINED WATER periodic boundary conditions are, for instance, only along

The behavi f fined in th ¢ the z-axis, as in our case, theniform radial distribution
e behavior of water confined in the pores o VyCorfunction is not simplyg,(r)=1. It indeed depends on the

glass IS mflugnced by bOth. Fhe geometrical effects and thﬁeometry of the confining system and generally will not be a
interaction with the hydrophilic surfaces. In order to account

. . ; constant. Hence the functions defined in Ef) must be
fqr these effect.s' n cqmputer simulation we constructed Qurther normalized to the uniform profilg,(r). In our case
single pore of silica which reproduces the most relevant AVihis is given by’
erage features of the pores of real Wcor glass. As described
in more detail in a previous work, we carved a cylindrical v
pore of 40 A diam in a cubic cell of silica glass obtained by gu(r)= _pf d®Q Peyi( Q). 2)
the usual procedure of MD simulation. Then we prepared the (2m)®
cavity surface by removing the silicon atoms bonded to less ) o _ _
than four oxygens. The oxygen atoms bonded to only On(.PCW(Q) is the form. fact02r7of the cylindrical simulation cell
silicon (nonbridging oxygenswere saturated with acidic hy- ©f heightL and radiusR.,
drogens. We note that since the surface of the cavity is rough

. 2
its actual volumeV,, is unknown and only roughly approxi- P.(Q)= fld [ #QL\ 1% 2j1(QRV1— u?)
mated to a lower value by the volumé. of a cylinder of o o M Jo[ 73 QR.AN1— 42

radiusR.= 20 A. (3)

Inside the pore a fixed numbbk,, of water molecules is
inserted and the MD simulation is performed at constant denwherej,(x) are the Bessel's functions of order
sity p=Ny,/V, in the NVE ensemble. We assume, according ~ The properly normalized SSRDF are then obtained as
to the experiments! that at full hydration the density is; B
=0.0297 A3, corresponding td\,,= 2600. In the following )
we will present results foN,,= 2600 andN,= 1500 which 9ap(N=F g (1) )
is roughly the half-hydration case.

Water—water and water—substrate interactions are refFhe correction factoif, accounts for the roughness of the
spectively described by the SPC/E site métieind by an  surface and the already discussed uncertainty in the volume
empirical potential model, consisting of Lennard-Jones andletermination. It is adjusted to give the corrected pair corre-
Coulomb forces. The potential parameters are those used atation functions oscillating around 1 at large
tabulated in Ref. 16, where further technical details can be The corrected SSRDF for the full hydration case are
found. During the MD runs the atoms of the WWcor glass areshown in Fig. 2 and are compared to the corresponding func-
kept fixed. Periodic boundary conditions are applied alongions of SPC/E water at ambient conditions. As discussed in
the axis of the cylinderz-direction. The motion is confined a previous work’ the modifications of the oxygen—oxygen
in the x-y plane. (O0) and of the oxygen—hydrogd®H) functions relative to

A snapshot from the simulation of 1500 water moleculesbulk water are in good qualitative agreement with the
is presented in Fig. 1. Only water molecules are displayedexperiment$. For instance the first minimum of the OO
and the hydrophilic nature of the Wecor surface is evident,function becomes shallower and fills in and the H-bond peak
since all water molecules are attracted toward the substratébecomes less intense upon confinement.
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4 - - - - As a consequence of the hydrophilic interaction a strong
distortion of the hydrogen bond network of water in the lay-
ers close to the substrate is obseri®H.Moreover this lay-
ering effect has important consequences on the dynamical
behavior of water as recently sho#hlt seems therefore
appropriate to develop a layer analysis for the SSRDF by
separating the contribution of the water molecules which
spend most of the time in the internal layer<{@<15 A)

from the contribution of the molecules belonging to the
double layer or to the depletion layer.

!
N

9oo(r)
= oM

A. Inner layer

<

h The SSRDF in the inner layer can be obtained from the
v MD data by using Eqs1)—(4) where now the radius of the
00 2 4 6 80 2 4 & = © cylinder isR;=15 A. _ _

r(A) r(A) In Fig. 3 we show the resultingoo(r) for the inner
layer at different temperatures and compare with the equiva-

FIG. 2. Site—site radial distribution functiorgoo(r) (on the lefy and lent function of ambient temperature SPC/E water
Jon(r) (on the righi at full hydration aff =298 K (full line) compared with . h h h ined ’
the same functions of the bulk wat@gong dashed line The functions of the We rjotlce that thegoo(r) of the Conffne system are
confined system have been calculated by using Bgs(4). very similar to those of bulk water. In particular present data

at T=270 K superimpose to the oxygen—oxygen RDF cal-
culated for bulk water at ambient conditions. For the other

IV. LAYERING EFFECT AND STRUCTURE two SSRDF(not shown we find the same result, suggesting
OF CONFINED WATER that as far as the microscopic structure is concerned water
confined in the middle of the pore behaves as bulk water at

Looking at the density profile reported in the inset of . : .
. . I e .. an higher temperature\(T~30 K). This result may explain
Fig. 3 as a function oR= yx"+y" we see that the density why confined water can be more easily supercooled than the

profile is very flat in the range @R<15 A and its value is bulk

in agreement with the density of confined water at full hy- ’

dration observed in the experiments. FRor 15 A water ad-

sorbs and a double layer structure is formed close to thg outer layer

surface. The double layer with density higher than the aver-

age extends for almost 3 A. A depletion layer of 2 A, due to

the short range repulsion of the substrate is also visible.
We notice that the density profile is almost independen

of the temperature.

In the calculation of the SSRDF for the outer layer the
geometry of the confining volume and the form factor ap-
pearing in Eq(2) are different from those used in the previ-
ous case. Now the functiogy,(r) must be calculated in the
region 15<R<20 A, where the water is adsorbed on the
surface. In doing so, we can assume that the uniform density
4 ‘ ‘ of noninteracting atoms is different from zero and constant in
the range 15R<18 A, neglecting the small contribution
which comes from particles in the depletion layer<l8
<20 A. The form factor to be used is now that of two con-
centric cylinders of radiu®, =15 A andR,=18 A, respec-
tively,

9ool)

L V,PANQ)-V,P?)
W[ 2P&(Q) = V1P (Q) ], )
where V; is the volume of the cylinder of radiuR; and
PLI(Q) is given by Eq.(3) with R.=R; .

In Fig. 4 we report the RDF of the oxygen sites obtained
with this procedure together with the initial distribution

Joo(r) calculated according to Eql) and the uniform pro-
HA) file g,(r) for the concentric cylinders. We notice that the
FIG. 3. Site—site radial distribution functiomg,o(r) at full hydration cal- correction for Fhe eXClu,ded VOIume effects mgy still be not
culated for the inner layer (OR<15 A, see textat temperatures=208 K completely satisfactory in the region of the main peak, due to
(continuous ling T=270 K (long dashed ling and T=240 K (short ~ neglecting the presence of the depletion layer. In spite of this
dashedg compared with the corresponding function of the bulk at ambientwe can infer that the structure of water in the double |ayer

conditions(dotted ling. The SSRDF of bulk water at ambient conditions is . . -
almost coincident with that of confined water at 270 K. In the inset theClose to the substrate is strongly distorted with respect to the

density profile at full hydration fof =298 K, T=270 K, andT=240 K are ~ BUIK. Thegoo(r) function does not show any feature typical
reported by using the same symbols. of the tetrahedral arrangement of H-bonded molecules. In

Pair(Q)=
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FIG. 4. Site—site radial distribution functiomg,o(r) at full hydration cal- r(A) r(I:\)

culated for the outer layer (¥5R< 20 A) at temperature$ =298 K. Thin-
ner solid line isﬁoo(r) defined in Eq(1); dashed line is the uniform profile
calculated according to Eq2). The corrected RDF is reported as a thick
solid line.

FIG. 6. Site—site radial distribution functiongo,(r) (on the lefi and
gun(r) (on the righi at full hydration calculated for the outer layer (15
<R<20 A) at temperatured =298 K (full line), T=270 K (long dashed
line), T=240 K (short dashed line

particular the second peak is shifted to higher distances and. Half-hydration
its intensity is much reduced with respect to the bulk water

The density profile calculated at half hydratioiNy
case. We observe a]so that ighgo(r) of the outer layer do?s .=1500) evidence the presence of a double layer of adsorbed
not change much with the temperature, as can be seen in Fi

5 onl h . fth . K at the | ‘t Water molecules, with the same characteristics as in the full
tljrgr}g\issibgpemng ot the main peak at the lowes emperaﬁydration case. Thus we can calculate the SSRDF for the

outer layer by using the uniform profile calculated in the
The gop(r) and gyn(r) functions calculated for the . Y y using ui! prof " I

7 ) revious section for the full hydration calgq. (5)].
outgr layer i:}e trﬁported |ntE|g. Gfat d|§ferent Lemp(tarr]atures_.A? In Fig. 7 we compare thgoo(r) functions at the two
vanance wi €Joo(r) these func 10ns show the main hydration levels investigated, at room temperature. In Fig. 8
peaks at about the sam&alues as their analogous functions

) . ; the same comparison is done for thgn(r) and gyu(r)
obtained for bulk water. Yet differences are observed in thq‘unctions. It is clear from these figures that changing the

relative intensity of the first two peaks; these may be parhydration does not affect the SSRDF of the outer layer; the
tially ascribed to residual excluded volume effects due to the. - .\ iqence is found at the other investigated tem]oera-
presence of the depletion layer. Also tipgo(r) andgon(r)

. tures.
functions are weakly temperature dependent.
4
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r(A) FIG. 7. Site—site radial distribution functiorgoo(r) calculated for the

outer layer (15R<20 A) at half-hydration(full line) compared with the
FIG. 5. Site—site radial distribution functiomg,o(r) at full hydration cal- same function at full hydratioflong dashed lingat temperature$= 298 K.
culated for the outer layer (¥5R<20 A) at temperature3 =298 K (full In the inset the density profile at half hydration for=298 K (full line),
line), T=270 K (long dashed ling T=240 K (short dashed line T=270 K (long dashed ling andT =240 K (short dashed lineare reported.
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2 . . . . 2 derivatives of the RDF look so similar to those of bulk
water’® The second suggests that the structure of water in the
inner layer can be safely studied in a real diffraction experi-
ment, looking at the difference between the data collected at
different hydration levels. We stress finally that the analysis
of the dynamical behavior of the molecules confined in the
outer layer suggests that they are in a glassy state already at
ambient temperaturé.As a consequence their relative ori-
entations must be strongly distorted relative to the bulk, in
agreement with what found in the present analysis. The ab-
sence of tetrahedral order in the outer layer is also respon-
sible for the lower nucleation temperature upon lowering the
hydration level.

-
o

o) _
T (]

05 - T 0.5

0 1 1 1 1
a4 6 80 2
r(A)

1 1 1 0
6 8 LA review, although not exhaustive, of thermodynamics, structural and dy-

4

r(I:\) namical properties can be found in M. A. Ricci, and M. Rovere, J. Phys.
IV 10, 187(2000; M. A. Ricci, F. Bruni, P. Gallo, M. Rovere, and A. K.

FIG. 8. Site—site radial distribution functiorgo(r) (on the lefy and Soper, J. Phys.: Condens. Matfigt, A345 (2000.

gun(r) (on the righi at half hydration(full line) calculated for the outer ~ 2T. M. Truskett, P. G. Debenedetti, and S. Torquato, J. Chem. Fliys.

layer (15<R<20 A) compared with the same functions at full hydration ~2401(2002).

(long dashed lineat temperaturd =298 K (full line). 3V. P. Denisov and B. Halle, Faraday Discu$83 227 (1996.

4M. C. Bellissent-Funel, K. F. Bradley, S. H. Chen, J. Lal, and J. Teixeira,

Physica A201, 277 (1993.

. . 5M. J. Benham, J. C. Cook, J. C. Li, D. K. Ross, P. L. Hall, and B.
The SSRDF of the inner layer at half hydration are not Sarkissian, Phys. Rev. B9, 633 (1989,

presented, since the finite volume corrections cannot be caléy. ¢. Bellissent-Funel, R. Sridi-Dorbez, and L. Bosio, J. Chem. Phys.

culated with enough accuracy when the density drops too 104 10023(1996.
rapidly (see the inset of Fig )7 F. Bruni, M. A. Ricci, and A. K. Soper, J. Chem. Phyi€19, 1478(1998.
' 8A. K. Soper, F. Bruni, and M. A. Ricci, J. Chem. Phyi€19, 1486(1998.
D. C. Steytler and J. C. Dore, Mol. Phys6, 1001(1985.
V. SUMMARY AND CONCLUSIONS 10M. C. Bellissent-Funel, S. H. Chen, and J. M. Zanotti, Phys. B&w558
. (1995.
_ We have_ presentgd the results_ of a layer analy§|s of thes " "chen, . Gallo, and M. C. Bellissent-Funel, Can. J. PFgs703
pair correlation functions of confined water obtained by (1995.
computer simulation. Water is strongly adsorbed, due to th&S. H. Lee, J. A. McCammon, and P. J. Rossky, J. Chem. Riyysi448

o . . ; : (1989; S. H. Lee and P. J. Rosskipid. 100, 3334(1994.
hydrophilic interaction with the substrate. Its density proflle,BE' Spohr. J. Chem. Phy$06 388 (1997,

which is almost independent of the temperature, shows the; x Fang, W. H. Marlow, J. X. Lu, and R. R. Lucchese, J. Chem. Phys.
presence of a double layer of approximgt8IA close to the 107, 5212(1997).

substrate that we call the outer layer. At full hydration water:>S- B. Zhu and G. W. Robinson, J. Chem. P1§4. 1403(1992.

8 1SE. Spohr, C. Hartnig, P. Gallo, and M. Rovere, J. Mol. 186, 165(1999.
fills the pore and we can calculate the structure of the set QEC. Hartnig, W. Witschel, E. Spohr, P. Gallo, M. A. Ricci, and M. Rovere,

molecules in the inner layer by excluding the moleculgs iN" 3. Mol. Lig. 85, 127 (2000.
the outer layer. The SSRDF of the molecules in the innef®J. M. Zanotti, M. C. Bellissent-Funel, and S. H. Chen, Phys. ReS9E
layer are very similar to those of bulk water. In particular thelgﬁ/lo%“(égﬁ@- CFunel S L e, 1 M. Zanotti and S. H. Chen. P
. . . . C. bellissent-runel, 5. Longeville, J. M. Zanottl, an LA en, yS.

structure (_)f the confmed water in the inner layemat270 K _ Rev. Lett.85, 3644 (2000,
almost coincides with the structure of bulk water at ambientg, venturini, P. Gallo, M. A. Ricci, A. R. Bizzarri, and S. Cannistraro, J.
temperature, thus explaining why confined water can be su-Chem. Phys114 10010(2001).
percooled down to lower temperatures than bulk water 2lGeneral information on Vcor glass is available from Corning Glass

On th t th . ic struct f wat ) b Works OEM Sales Service, Box 5000, Corning, NY 14830.

Jn the contrary the miCroscopic structure or water D€-zy; royere, M. A. Ricci, D. Vellati, and F. Bruni, J. Chem. Phg88 9859
longing to the outer layer differs from that of bulk water. In (1993,
particular the oxygen—oxygen pair correlation function doeg®H. J. C. Berendsen, J. R. Grigera, and T. P. Straatsma, J. Phys. @hem.

not show any signature of the tetrahedral arrangement cha{;6269(1987)'

e . . . A. K. Soper, J. Phys.: Condens. Mat®&r2399(1997).

acteristic of bulk water. This is in agreement with experimen-2sg . | adanyi and M. S. Skaf, Annu. Rev. Phys. Chef, 335 (1993.

tal finding$ and supported by previous computer simulation?m. p. Allen and D. J. TildesleyComputer Simulation of LiquidOxford

analysis of the distortion of the hydrogen bond network of University Press, Oxford, 1987 , _

confined watel’ Moreover the SSRDF calculated for the O. Glatter and O. Kratkysmall Angle X-ray ScatterinAcademic, New
' . o York, 1992.

outer layer are almost insensitive to temperature and hydrasp Gajio, M. Rovere, and E. Spohr, Phys. Rev. L88, 4317 (2000: J.

tion level. The first observation explains why the temperature Chem. Phys113 11324(2000.

Downloaded 22 Jan 2002 to 193.204.162.101. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



