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Water adsorption on hydroxylated silica surfaces studied using the density functional theory
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We present amb initio investigation of water adsorption on ordered hydroxylated silica surfaces, using the
density functional theory within the ultrasoft pseudopotentials and generalized-gradient approximation. The
(100 and (111) surfaces of the hydroxylated cristobalite are used as substrates to adsorb water clusters and
overlayers. Water adsorbs through hydrogen bonds formed between water and surface hydroxyl groups on the
B(a)-cristobalite(100) surface. A large enhancement of the hydrogen bonding in the adsorbed water dimer is
observed, which can be inferred from the shortened hydrogen-gérmbnd length, the vibrational spectra
from the molecular dynamics simulation and the redistribution of electron density. At one mon@\éygr
coverage, a “tessellation ice,” with characteristic quadrangular and octagonal hydrogen-bonded water rings, is
formed. It has two types of H bonds and can exist on two different adsorption sites with two different OH
orderings in a surface supercell. Our study is further extended t@-tnistobalite(111) surface. Based on
these studies, we find that the water-silica bond, which comprises several H bonds, is usually stronger than
other associative water-surface interactions. The H bonds between water and surface usually differ in
strength—and hence, in vibrational spectra—from those between adsorbed water molecules. Be¢ad@e the
and (111) surfaces sustain different silanol groupgeminal and isolated silanglsa well-defined two-
dimensional tessellation ice phase can be observed only on the cristdt@liesurface. Ong-cristobalite
(119 surface, however, isolated water molecules, hydrogen-bonded to the surface hydroxyls, are formed, even
at 1 ML coverage.
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[. INTRODUCTION ever, due to the vibrational-spectra overlap of OH modes in
Si-OH with water, a clear picture of interfacial water struc-
The interaction of water with solid surfaces plays a cru-ture at the molecular level is hard to achieve. The poverty of
cial role in many phenomena, ranging from aqueous hetercexperimental evidence particularly evokes interest in the
geneous chemistry and dissolution of minerals in natural syspresent studies by computational methods. Many theoretical
tems to metal corrosion. In particular, the water-silicaworks were carried out, such as on the interaction of water
interface is one of the typical systems that are most frewith silica hydroxyls using a cluster model of silanol
quently encountered in technology and natural materialsmoleculesi®*and with vitreous silicd? To our knowledge,
Considerable efforts have been dedicated to its study foexcept for the work by de Leeuw on water interactions with
more than three decades. The numerous technological appli-quartz surface®’ few theoretical studies of the interaction
cations of amorphous silica were found to rely on its specifidoetween water and crystalline silica surfaces have been per-
surface properties? A freshly formed amorphous silica will formed.
include a distribution of reactive sites, which are known to At the same time, a detailed microscopic description of
react rapidly with atmospheric moisture, leading to the for-the substrate—the hydroxylated silica surface is still lacking.
mation of surface silano(Si-OH) groups'? The reactive Existing experimental data on the amorphous hydroxylated
chemical and physical properties of the hydroxyl groups orsurface are often rationalized by modeling the surface as an
the silica surface are, by and large, responsible for the widealternation of patches of the hydroxylat€to0) and (111)
spread utility of these materials. Understanding the nature cfurfaces ofg-cristobalite, which is the crystalline phase of
reactive surface sites available for physisorption and chemisilica with density and refractive index closest to those of
sorption of gas phase molecules is crucial to study the beamorphous silicd!* Moreover, the two main faces of
havior of silica for a wide range of applicatiohs. B-cristobalite can sustain the two types of hydroxyl groups
As water vapor inevitably exists in the atmosphere anddentified experimentally on the amorphous silica surface,
readily adsorbs on the hydrophilic surface, and the interfaciahamely, the single silanol$Si-OH) of the (111) surface, and
water structure has significant effects in various processeshe geminal silanol§Si-(OH),], which are typical on the
such as silica formation and weathering, the interaction of100) surface. A lot of previous works investigating silica
water with silica has been the subject of a wide range ofurfaces have been performed based on this mdd€lsuch
investigations. Various techniques have been used to studys the works on the dehydroxylation of the silica surfaces by
water/silica interfaces experimentally in recent years, such aarlori and Ceresoliet al1>® In a recent lettet® we pro-
vibrational spectroscopies at quartz/water interféamicro-  posed a two-dimension&D) ice phase on the hydroxylated
calorimetric measurements of water vapor-silica surfaceg-cristobalité100) surface at monolayefML) coverage—
interactions, and dehydroxylation studies on silie.How-  which had not been found on other surfaces or in bulk ice

1098-0121/2005/18)/03541312)/$23.00 035413-1 ©2005 The American Physical Society



YANG, MENG, XU, AND WANG PHYSICAL REVIEW B 71, 035413(2005

before—by usingab initio calculations based on the density different water structures and on several silica surfaces are
functional theory(DFT). In this phase water forms an or- presented and discussed in Sec. lll. In Sec. IV we analyze
dered 2D quadrangular and octagonal hydrogen-b@#id their vibrational spectra and electronic properties. And fi-
bond or HB network. Further molecular dynamid$/D) nally a summary is given in Sec. V.
simulations show that this tessellation ice is stable up to
room temperature.

In order to give a more complete picture for water adsorp- Il. COMPUTATIONAL DETAILS
tion on a silica surface we extend our first-principles study to
more general cases. In the present paper, various water at

sorption species on the two typical hydroxylated 4 . g
B-cristobalite surfaceq,100) and (111), which sustains two th(_a calculat_lo.n.s hgve bgen carried %Ut “S'“QW code
(Vienna ab initio simulation package'® an efficient plane-

types of silanols identified experimentally on silica surfaces, . : ; , :
have been studied. Another relevant silica surfaceWave implementation of density functional theory, which en-

a-cristobalite(100), which is a low temperature counterpart aPles us to do both structure optimizations and molecular
of B-cristobalite(100), is also investigated. These crystalline dynamics_simulations and has been extensively reviewed
surfaces not only have their own interests to interact witrelsewheré® Other than the classical simulations based on
water, but also represent the applicable models of the sma@impirical water-surface potentials, which are usually inad-
domains on the amorphous silica surface. equate to quantitatively describe the interface properébs,

We first studied a water monomer adsorption oninitio calculations based on the DFT can provide a valuable
B-cristobalite(100) in detail, which can provide us a funda- insight into the nature of water-solid interaction and aids in
mental picture and a start point of the interaction betweerihe identification of the reactive surface sites for the hydra-
water and the silica surface. The adsorption of water dimerg§on and dehydration processes. The generalized gradient ap-
is another interesting issue because the H bonds in botproximation(GGA) by Perdew and WanPW91)? is used
water-water and water-surface interactions are involved ifior the exchange correlation energy, which has been shown
this system. It was found that the H bonding interaction in ato give reliable results for the energetics of adsorbates; e.g.,
dimer is largely strengthened upon adsorption, as was alsgater on TiG and SnQ (Ref. 22, and CaC2 The GGA
confirmed by vibrational analysis and electron transfer alongxtension is crucial for the accurate treatment of the hydro-
H bonds. We further studied the stable configurations at halgen bonds and water structurésthe PW91 form has been
water monolayer. It shows that before 1 ML is reached, adtested extensively for a variety of intermolecular interactions
sorbed water always exists as isolated clusters. More detailddcluding H bonding?® Within the pseudopotential approach,
studies have been carried out at monolayer coverage, whegsly the valence electrons are treated explicitly, and the
we find the tessellation ice with characteristic quadrangulapseudopotential represents the effective interaction of the va-
and octagonal water rings can adsorb on different adsorptiolence electrons with the atomic cores. The valence orbitals
sites and in different proton orderings. Our MD simulationsare expanded in a plane-wave basis set. Relatively high
of water dimers and monolayer structures demonstrate plane-wave energy cutoffs have to be used when studying
strong H-bond interaction in the adsorbed dimers, and tw@lements such as oxygen, which has tightly boupcec-
types of H bonds of different strengths in tessellation ice. Wgrons. The vasp program employs Vanderbilt ultrasoft
note here the present investigation of the effects of differenpseudopotentialsUSPP,26 which can mitigate the require-
silica surfaces is interesting in its own aspect. Asment of large basis set of plane-wave calculations for a given
B-cristobalite is the high temperature phasevefristobalite, —accuracy.
adsorption om-cristobalite is more realistic to carry out in ~ Kohn-Sham orbits are expanded in plane waves up to a
laboratories at room temperature. However, not much differkinetic energy cutoff of 350 eV for most of the calculations
ence was found in our calculations. The ice tessellation alspresented in this paper. The Monkhorst-Pack sciémith
exists perfectly on thex-cristobalite (100 surface, which 4X4X4 and 2<2X 1 k-points grid mesh has been used for
provides much convenience for future experimental tests. integration in the bulk and surface Brillouin zofBZ), re-

As mentioned before, thg-cristobalite(111) surface is spectively. The geometry optimization is stopped when en-
another important surface, which supports the typical type oergy convergence is less than 0.0001 eV per atom. First we
silanols—single silanols. It is thus essential to investigatenodeledB-cristobalite in a cubic supercell containing eight
water adsorption onto this surface towards understanding tHermula units. Within this scheme we found the optimized
general feature of water/silica interface. As prototype wateinternal structural parameters of bulk are 150($10Sj,
adsorption structures, water monomer and monolayer havk09.4° and 110.2¢0SiO), and 1.612 A(Si-O) in excellent
been calculated on this surface. Our study shows that wat@greement with the experimental values 146.7°, 107.8°, and
molecules behave very differently on the single silanols 0f112.8°, and 1.611 & and with previous local density ap-
B-cristobalite(111) surfaces compared with their behavior on proximation (LDA) calculation using Troullier-Martins
geminal hydroxyl groups of cristobalitd00), as the single, norm-conserving pseudopotentf@lsand the Hartree-Fock
isolated silanol groups do not interact with each other by Hcalculation?® To model the surface, we used the usual ap-
bonding. proach by considering a supercell that contains the slab ge-

The outline of this paper is as follows. After the introduc- ometry with three-dimensional periodic boundary conditions.
tion section, we describe in Sec. Il detailed computationallhe slabs are 7-9 atomic layers thick and separated by a
methods and the theoretical models. The results obtained falacuum ~10 A wide. Theoretical lattice constants deter-

_We have carried out a systematib initio density func-
ional theory study of water adsorption on silica surfaces. All
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mined from bulk calculations—7.21 A fg8-cristobalite and
5.142 A for a-cristobalite (7.16 and 4.978 A in
experiment—were used throughout this work.

Before considering water adsorption, we first studied the
clean SiQ surfaces. Both the surfaces of the silica slab are
saturated with hydrogen atoms, and one of them is used to
represent the fully hydroxylated surface. In all calculations,
all the hydrogen and oxygen atoms in the bottom two layers
have been kept fixed at their equilibrium positions, while all
the other atoms are allowed to relax freely. We thus obtained
the geometry of the completely hydroxylated surfaces by op-
timizing the structural coordinates. As given in Ref. 18, the
optimized geometry of the hydroxylate@icristobalite(100)
surface is covered with geminal and vicinally hydrogen-
bonded hydroxyl groups, in good agreement with previous FIG. 1. (Color onling The water monomer adsorbed on the
theoretical work$>1” The H-bond chains are arrayed in the three typical sites of g-cristobalite (100 surface(top panel for
[110] direction. The H-bond length$0-O distance are side views, and bottom panel for top view$hree letters A, B, C,
2.63-2.66 A, suggesting a strong H bonding. There are twéabel configurations following a sequence of decrez.asing adsorption
geminal silanols in our surface unit cell. Although they areenergy._The water molegul_es h_ave been colored with black oxygen
not completely equivalent to each other due to the Slighf’md white hydrogen to dlstlngws_h from the hydrc_)xyl groups on the
difference in the positions of Si atoms in the surface layerSurface(colored dark gray and light grayBlack lines depict the
there is no qualitative difference in the structure by means oft"face cell in the calculations.
accepting and donating one H bond each. Thphase of
cristobalite(100) has a very similar structure, but all the Si balite (100 and (111) surfaces. In the first part of this sec-
atoms are equivalent in the surface layer. In contrast, théon, the optimal hydrated surface structures and the adsorp-
hexagonal hydroxylate@-cristobalite(111) surface sustains tive energies were studied in detail for a series of selected
the other type of silanols, isolated single silanols, which argvater species, such as monomers, dimers, half monolayers
apart from each other by about 5 A and cannot form H bond&nd monolayers op-cristobalite(100). Here the coverage is
with each other. defined as the ratio of the number of adsorbed water mol-

In molecular dynamics simulations, the water moleculescules to the number of surface hydroxyls. As there are many
and atoms in the surface layer were allowed to move accordocal minima on the potential surface for these hydrogen-
ing to the forces calculated from the converged electroni®onded surface complexes, we have used a range of different
structure. A lower energy cutoff of 300 eV for plane-wave starting configurations with several water molecule adsorp-
basis and time steps of 0.5 and 1 fs were utilized in all MDtion sites and their different orientatiotigp to ten in some
simulations. To obtain the vibrational spectra, we performectase$ to ensure, as far as possible, that the final converged
constant-energy MD runs of 3—4 ps to collect statistics, afteeonfiguration is a global rather than a local minimum-energy
equilibrating the system for 1 ps. The vibrational spectraconfiguration. The next two parts extend this study to the
were obtained by performing a Fourier transformation of theother two  silica surfaces, a-cristobalite (100 and
velocity-velocity autocorrelation function, recorded in our B-cristobalite(111), respectively, where the general features
MD trajectories®® A shorter time step of 0.25 fs does not of water adsorption and the effects of different surface sil-
change the peak positions or the shape of the vibrationgnol types are investigated.
spectra.

The adsorption energy for an adsorbed water structure,

E.gs has been defined as the averaged energy difference per
water molecule, 1. Water monomer orB-cristobalite (100)

A. Water adsorption on B-cristobalite (100) surface

— _ As a starting point towards a general understanding of
Bags™ (Bsupstrate® N Briy0 = B0y ysupsrard M- (D)ool G bonds, we studied the adsorption of a single wa-
Here E(HZO)n/substrateiS the total energy of the adsorption t_er molecyle on the hydroxylate@lcristobalite(1_0_0) surface
system,Equpsyaeand Eyy o are those for the substrate and afirst. To find out the exact global energy minimum of the
free water molecule, respectively, amdis the number of potential energy surface,_geometry optimization has been
water molecules in the supercell. The adsorption energy witR€'formed on a set of configurations with the water molecule
a positive value indicates binding. Iocat_ed at _ty_plcal adsor_ptlon sites of the surface, such_as top,
geminal, vicinal, and bridge sites. The calculated equilibrium
structures are shown in Fig. 1, where the bridge, geminal,
and top sites are labeled as A, B, and C, respectively, follow-
ing a sequence of decreasing adsorption energies. The ad-
We investigated the water adsorption structures in differsorption energies as well as the optimized geometrical pa-
ent configurations with the DFT total energy calculations byrameters of the water adsorbate, determined from
putting gaseous water molecules on the hydroxylated cristosalculations in a unit surface cell, are listed in Table I. Our

IIl. RESULTS AND DISCUSSION
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TABLE |. The calculated geometries and energetics for the monomer adsorption on several typical
adsorption sites oB-cristobalite(100). Numbers of H bond§Ng), adsorption energig&,4sin meV/H,0),
OH bond lengthgdgy in A) and bond angleéZ HOH in deg of water molecules, are listed. The adsorption
site on which all the OH bonds in the water monomer are H bonded is labeled as bridge2 here. The last row
lists the calculated values for a gaseous water molecule for comparison.

NhB Eads doH1 doH2 ZHOH
Top 1 339 0.970 0.960 106.12
Geminal 2 508 0.973 0.992 106.03
Vicinal 2 442 0.973 0.987 106.13
Bridge 3 622 0.974 0.988 105.06
Bridge2 4 534 0.985 0.988 100.38
H,0 0.973 0.973 104.91

calculations show that the adsorption on the bridge site igacent H-bond chains of the surface hydroxyl groups, as seen
preferred energetically with the largest adsorption energy oin Fig. 1.

622 meV/HO, where the single water molecule is stabilized

by means of three hydrogen bor{dgee Fig. 1A)], acting as 2. Water dimer and 0.5 ML adsorption op-cristobalite (100)

the double proton acceptor and a proton donor involved with
the surface geminal silanols. Here we assume the hydrogqq_
bond is formed when the O—O bond length is less thar}a

3.30 A and the O+ -0 angle is greater than 140°. One Of. different surface sites were considered. The optimized struc-

the OH bonds stands upright, while the other OH bond 'Sure of the most stable configuration identified in our calcu-
almost parallel to the substrate. The adsorption energy on tnstions is depicted in Fig. 2. The energetic and geometric

geminal site is lower by forming only two HBs with the - : . ; e
surface[Fig. 1(B)], as can be seen from Table I. Similarly, _(I:_(;gl;gtljlranons for each molecule in the dimer are specified in

the adsorption on the vicinal site, above the two H-bonded Similar to the monomer adsorption, the water dimer is

S“rf".‘ce hydroxyls, has. a'F“OSt the same stability as on thf%uch preferred to locate at the bridge site too, as shown in
geminal site. The top site is the most unfavorable conﬂgurai:ig_ 2 There are four H bonds between the water dimer and

tlgn arrt'l_ong those V\;eSQSlve cvestégat?d, W'thHg]E.z S]:ma”ejﬁne surface hydroxyls and an internal H bond between water
adsorption energy o MEV, and only oneé Hb 1S T0rMeq, 0jes, with one free OH bond sticking away from the

there[Fig. 1(C)]. However, increasing H bonds to more than_ surface. The adsorption energy is 748 meV per molecule.

three does not .enhance the water-surface b_onding. For M hus a dimer is stabilized by 126 meV48 compared with
stance, water lying down almost flat on the bridge site formstWO isolated water monomers located far away from each

anotk;ler'tHB(dtenoieg aihl:;rldgileln Jab'?’ Iantq Con;]e;h other on the surface. The extra stabilization can be mainly
que]:cn ylhlsdsa u:ae Wi '(I')fllj'r O? N mt_erac '?E ‘:cv' Heattributed to hydrogen bonding between water molecules,
surtace nydroxyl: groups. IS _contiguration with tfour though the interaction of each water molecule with the sur-

Pce differs from that for monomer adsorption. We note that

lowered by~88 meV than t_he most stable structure. We thusthe geometry of the adsorbed dimer looks quite similar to its
come to a general conclusion that for water adsorption on tfgS

; , as phasésee Table Il and the dimer on other surfaces, such
surfaces or interfaces, the adsorption energy does not nec phases I

sarily increase with the increase of the number of H bond% _P(111)3°v31 anq Pcﬂl_l]),” but St.i” ex_hibits Se"efa' inter-
there formed. Another noteworthy point is that Si-O sting characteristics in the details. First, the heights of the
-H---OH, is always a stronger H bond and results in a
shorter H-bond length in turn. Briefly, the bridge site is found
to be the most reactive for a water monomer adsorption by
characterization of the surface structures.

For comparison we also listed the calculated geometric
data of a free water molecule, as listed in Table I. There is a
significant deformation of the adsorbed water molecule for
most adsorption configurations considered here: one of the
two OH bonds is lengthened and the HOH angle is enlarged \ \
slightly. This effect of water adsorption is also found on |
other surfaces, such as metal Pit11),3%3! oxide TiO, i &

(110,22 etc. The H-bond length60-0) between the water ; - il WL aa -

molecule and the surface hydroxyl are typically

2.82-3.04 A, which is a little longer than that in ice FIG. 2. (Color onlin@ The adsorbed water dimer on
Ih(2.76 A). H,O can serve as a bridge between the two ad-cristobalite(100).

We then investigated the water dimer, the simplest
bonding system, adsorbed on tBecristobalite(100) sur-
ce. Several possible structures for the adsorbed dimer at

,
1
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TABLE 1. The adsorption energies and geometries for a water dimeg-oristobalite (100), and the
theoretical and experimental values for a free dimer. Energies, distances, and angles are in units of
meV/H,0, A, and ded®), respectively. The adsorption site on which all the OH bonds in the water dimer are
H bonded is labeled as bridge2 here. We use the same definition of angtes, and OO distance&lyo)
to describe the geometry of a water dimer as in Ref. 31. Other geometrical parameters are the same as in

Table I.
Eads Nug don1 don2 £ZHOH doo a B

Geminal 544 3 0.973 1.009 106.32 2.655 9.38 105.65
0.974 1.005 105.35

Bridge 748 5 0.973 1.043 108.85 2.530 8.48 103.58
0.994 0.992 103.63

Bridge2 650 5 0.981 1.014 104.21 2.671 8.61 98.70
0.987 0.989 104.22

Free dimer 0.973 0.984 104.79 2.895 2.79 126.00
0.973 0.973 105.08

Dimer(expt)? 2.976 -1+6 123+6

aReference 33.

two water molecules in the adsorbed dimer differ substanThis way, the number of HBs, which is still 5, is not
tially. The H-bond donor molecule lies 0.50 A closer to the changed. All OH bonds are participated in H-bonding inter-
substrate than the H-bond acceptor. Compared to the watections. However, this structure has deviated severely from
monomer, the H-bond donor water is 0.15 A closer to thethe free dimer and therefore is less stable than the above
surface and interacts more strongly with it, whereas th%onfiguration(by 98 meV per water molecule
H-bond acceptor water interacts very weakly with the surface \we studied water adsorption at 0.5 ML coverage by put-
for the farther distance from the surface by 0.35 A. Similarting four water molecules in the double@® X2 surface

; : 30,31 . L
trends are found in water dimers on () and  cell. Only single gammi point is used and the energy cutoff
Pd111).% Second, if the same definitions of the two angles,is requced to 300 eV. The most favored structure among all
a and B, as those in Ref. 31 are used to depict the dimetne calculated configurations is presented in Fig).3In-
structure, the donor and acceptor molecules in the adsorbefasq of a clustered structure. two separated dimers are
dimer make an _angl;@ of 104°,_ much smaller than that in t5-med there. The adsorption energy is 732 meydHand
the gas phase dimer and the dimer on metal surf@esind  geometry parameters for each dimer are almost the same as
1260);& Third, the O-O distance in the adsorbed dimer,i,,se for dimer adsorption in the unit cell. Thus, the configu-
2.53 A, is shortened to a great degree than the equilibriumyiinn of the adsorbed dimer in the unit surface cell is actu-
distance for the gaseous dim@:89 A in our calculation and ally representing water adsorption at 0.5 ML in this sense.

2.98 A in experiment® and adsorbed dimer on metals Tpeo only difference is the system sizes. The small energy

(~2.70 A).%>%2 The internal OH bond is also largely gitference between the two supercedlls meV/H,0), which
stretched to 1.04 from 0.98 A for the gaseous dimer. One can

thus infer that the H bond in the adsorbed dimer is largely
enhanced, which can be confirmed again in the vibrational
spectra analysis and isodensity contour plots given in Sec.
IV. A wider ZHOH in the donor and a narrowetHOH in

the acceptor are also observed, which appears to be caused
by electron transfer between water and the surface hydroxyls
due to the H-bonding interactions. This enhancement of the
H bonding in the adsorbed dimer is also observed on metal
surfaces®-32 Finally, the two nonhydrogen-bonded surface
hydroxyl groups, almost standing upright on the clean sur-
face, are, however, reoriented towards the proton donor wa-
ter accordingly to satisfy the H bonding between the ad-
sorbed dimer and the substrate, as can also be observed for
the monomer adsorption. These results will not be changed
by doubling the surface cell in the calculations.

Another metastable configuration can be obtairidéd-
noted as bridge2 in Table)|lif the free OH bond in the
adsorbed dimer orients to and is H bonded with its nearest FIG. 3. (Color onling Water adsorption orB-cristobalite(100)
hydroxyl group, and the OH bond of this hydroxyl directs at a half ML coverage for two different configuratiorfa) isolated
away from the dimer at the same time and becomes freelimer domains andb) water chains.
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- ,& 0‘\‘(‘ -l FIG. 5. (Color onling Ice tessellations with different proton

orderings in(a) and (b).

FIG. 4. (Color online Tessellation ices on two different adsorp-
tion sites from the top viewa and b and the side viewc and d,  formed. In fact, this quadrangle can sit over two different
shown with the outmost layer of the substrate. To depict the adsorﬁadsorpnon sites of the surface; i.e., the bridge site of two
tion sites clearly, only two water molecules of the quadrangle argydjacent vicinal hydroxyl groupﬂzlgs 4a) and 4c)] and
shown in the side view panels. that of two adjacent geminal silandiEigs. 4b) and 4d)].

There is only a slight differencé few milli-electron voltg

is almost within the calculation accuracy, suggests the finitein energy between the two adstructures, indicating they are
size effect of the supercell is negligible. almost the same stable. Also, there exist two and only two

Another interesting type of structure at 0.5 ML is one- possible types of proton ordering that can be present in a
dimensional (1D) water wire, formed between the two surface unit cell in the tessellation ice. One has anticlockwise
H-bond chains of surface hydroxylsee Fig. 80)]. One OH  dipoles in the water quadranglESig. 5a)], while the other
bond of each water molecule connects anothgdy a H  type does not[Fig. 5b)]. The former is less stable by
bond, and the other OH bond is H bonded with the (eft  ~17 meV/H0. We believe that both proton orderings are
left) or the right(H-right) surface hydroxyl acting as a proton possible in the tessellation ice. These two proton orderings in
donor. A zigzag water wire is thus formed by connecting oneessellation ice are meaningful only in the unit surface cell,
H-left molecule and then another H-right molecule alterna-and they will be more proton disordered if larger supercells
tively, bridging two adjacent H-bonded surface hydroxyl are used. As a matter of fact, the disordered nature of proton
chains. Although all OH bonds in water are saturated withdistribution is common in ice structures according to the BFP
HBs here, it is less stable by about 100 meCHnN adsorp- ice rules3® such as in bulk icéh.
tion energy than the most stable structure at 0.5 ML. We note All these ice tessellations have many features in common
that the two neighboring water wires on the hydroxylatedwhatever the proton ordering is, and wherever the quadran-
B-cristobalite (100 surface cannot interact with each other gular water ring sits. All HO molecules lie nearly coplanar
directly, and hence could be useful for the anisotropic conen the surface. Two water molecules out of four in the unit
ductance of electrons or protons. cell lie nearly flatly on the surface by accegtia H bond
each from surface hydroxyl groups, while the rest molecules
have one OH bond pointing downward to the surface each

Water forms an interesting 2D fully hydrogen-bonded wa-and hence donating a H bond. In this way, every adsorbed
ter network consisting of quadrangular and octagonal ringsvater molecule is exactly H bonded three neighboring
of water molecules on the hydroxylatgicristobalite(1000  molecules and a surface hydroxyl group, donating and ac-
surface at 1 ML coveragesee Fig. 3 in Ref. 18 This inter-  cepting two protons simultaneously. Therefore, no free OH
esting water pattern, named tessellation ice, was reported #ticks out of the surface plane. The O-O distances of water
our previous lettet® An obvious characteristic is strong molecules inside the quadrangles, 2.82—2.96 A, are shorter
H-bonding interactions inside the quadrangular water ringshan those connecting them, 3.16—3.30 A, indicating strong
and weak H bonding between them. Each adsorbed wate4-bonding interactions inside and weak H bonding between
molecule in this phase is saturated with four H bonds, servthe four-member water rings. At 1 ML coverage, it is the
ing as a double proton donor and double proton acceptostrongly H-bonded water quadrangle that serves as a bridge
The adsorption energy of the tessellation ice onconnecting the two adjacent parallel H-bond chains of hy-
B-cristobalite(100) is large, 712 meV/HO, almost the same  droxyls on the surface.

3. 2D tessellation ice orB-cristobalite (100)

as adhesive energy in bulk ice, 720 m&More interest- We also investigated whether it is energetically feasible to
ingly, this 2D ice structure is found to be stable up to roomadd an additional water molecule inside the hole of the oc-
temperaturg300 K). tagonal ring in the tessellation ice. We found that this mol-

In the tessellation ice, each hydroxyl group is H bondedecule sits almost at the same level as those hydroxyls on the
with one water molecule nearly atop it, serving as a protonsurface, and donates two weak H bonds to two hydroxyl
donor or proton-acceptdFig. 4). However, the water mol- groups(3.00 and 3.04 A for O-O distancesHowever, its
ecules can deviate in pairs from the exact top sites, to the letidsorption energy(referred to the system with adsorbed
or the right alternatively of the H-bond chain of the hydroxyl monolayer wateris 267 meV, which is hardly the half of
groups. The two pairs of molecules from the adjacent watethat for the water monomer adsorption. More importantly, its
chains then approach closer and interact with each othegrarticipation does not distort the tessellation ice pattern at all
through H bonding. A H-bonded quadrangle of water is thusand reduces the adsorption energy to 623 meV per molecule,
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TABLE IIl. The optimized geometry parameters for water monomer, dimer, and monolayer adsorption on
a-cristobalite(100). Energies, distances, and angles are in units of mg®@/H, and deq®), respectively.

Eads Nyp/H20 doH1 don2 £HOH doo
Monomer 528 3 0.987 0.983 104.57
Dimer 709 2.5 0.970 1.039 109.40 2.528
0.994 0.991 107.27
Tessellation ice 692 4 0.979 1.003 103.07 3.16,3.01,2.82
0.990 0.994 106.60
0.992 0.984 109.45
0.999 0.984 104.56

further proving the stability of the tessellation ice at the com-g-cristobalite(100. They are plotted as functions of the dif-
parable coverage. ferent water coverage, such as 0.25 khonomey, 0.5 ML

In order to examine the dependency of the ice tessellatiofdimer, and 1.0 ML(ice tessellation It is striking that the
structure on the silica surface, we optimized the geometry ofame trends for water adsorption are found on both surfaces,
a free layer of the tessellation ice. The result shows that théhough the adsorption energies ancristobalite (100 are
free tessellation layer is indeed a metastable structure, for #lways lower. On the both cristobalitfd00) surfaces, the
has a lower adhesion energy than the common hexagonalsorption energy first increases and then decreases along the
free ice bilayerby 80 me\j. What is more, it would contract increase of coverage, showing a maximum at 0.5 ML cover-
to a smaller lattice constant and stronger H bonds, with twage. From 0.5 to 1 ML coverage, the adsorption energy de-
nonhydrogen-bonded OH bonds standing outside of the icereases only slightly by-17 meV on both phases of sub-
plane in a unit cell. Furthermore, the symmetry of the 2D icestrate, indicating a weak exothermal procedure.
layer is destroyed slightly. All these indicate that the exis- It is believed in literature that a crystalline silica surface
tence of the present 2D quadrangular and octagonal ice struceuld induce a more ordered water interface structure than an
ture is strongly dependent on the substrate. We conclude thamorphous silica surfacdeRecently, Ostroverkhowet al.
the formation of the ice structure on the hydroxylatedhave given the first evidence to confirm it, by finding an
[B-cristobalite(100 surface is mainly determined by the re- ice-like peak in their sum-frequency generati@FG spec-
quirement of saturating hydrogen bonds among both watera, resulted from the ordered and hydrogen-bonded OH
molecules and the surface hydroxyls. The highly directionabonds at the water/quart®001) surface® This implies the
surface hydroxyl groups and the quadrangular period in théessellation ice structure could indeed exist on the cristo-
silica surface also contribute to the emergence of the tessdbalite (100 surface, and on small domains of silica surface
lation ice structure. The latter prohibits the formation of 2D as well.
hexagonal ice bilayer, which is generally observed on other

single-crystal surfaces, such ag1R1)***! and R0001).* C. Water adsorption on B-cristobalite (111) surface
_ _ _ As mentioned in Sec. |, thg-cristobalite(111) surface,
B. Water adsorption on a-cristobalite (100) surface which sustains single isolated silanols identified on the silica

As a lower temperature phase of-cristobalite, Surface by experiment, is another important surface to study.
a-cristobalite has a structure of space grde 2,2 and is

more stable. 1t$100) surface structure is very similar to that 800
of B-cristobalite. The difference is that it has a smaller unit —
; . . . , S
cell and contains only one Si atom in the unit cell in the 2
surface layer. Thus the surface is more regular than =
B-cristobalite(100), at least in the respect that all the surface 2 600
Si atoms are equivalent in it. However, the surface has to be &
rotated by 45° relative tg3-cristobalite (100 to give the §_
same direction of H-bond chains of the hydroxyls. The en- %‘
ergy cutoff andk points used here are the same as those in g “of
the calculations ofs-cristobalite(100). The adsorptive struc- o o5 T e
tures including water monomer, dimer, and monolayers, were Water Coverage (ML)
also calculated. They all have the similar adsorption structure
as their counterparts of-cristobalite(100). The adsorption FIG. 6. The adsorption energy as a function of water coverage
energies and the geometry data of these adstructures agg a-cristobalite(100) (solid line) and S-cristobalite(100) (dashed
tabulated in Table III. line) surfaces. The coverages of 0.25 and 0.5 ML can only be

Figure 6 compares the calculated adsorption energies faliewed as pictorial, as they are used to model isolated monomers
the most stable structures on the two surfaces:and and dimers respectively at zero coverage.
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—~% . 1 [ s N\ __ lated monomer. However, there are some small differences in
e ,/ "‘-——.""' ﬁ / | the circumstance of each hollow site in the monolayer ad-
q"' % “ \ s sorption, due to the slight differences between the surface Si
~ / \ il ﬁ atoms, just as that in th@.00) surface. Therefore, some wa-
- .5 — = ter molecules form three H-bonds as the monomer, while the
? ~ / bl / . others form only two H bonds with the hydroxyls, for the
H.“' P Q"' N . OO distance is too large to have any effective H-bonding in
/" j G ST the third directional OH pointingdoo>3.60 A). As it is
*3 v-l;' ",__4. q"’ }-—\f obviously seen that no H bonding interaction occurs between
- r N\ e . any two water molecules, and no tessellation-icelike water
‘5_ s —‘R o Q& can be formed on this surface at 1 ML, which is substantially
4‘ [0 \% / _ different from that on(100) surfaces. In fact, it is also dif-
~—& { £ o g //k»-\__4 ferent from the other hexagonal surfaces, for example of

closely packed metal surfaces, on which ice bilayers are usu-
FIG. 7. (Color onling Water adsorption on th@-cristobalite ~ ally formed3°31% This is because the periodicity of the
(112) surface at 1 ML coverage. closely-packed metal3x \3 surfaces resembles that of ice
(only expand to a few percenwhile we have a much larger
It differs from the B(a)-cristobalite(100) surface in two as- hexagonal period on thg-cristobalite(111) surface relative
pects:(i) It has a hexagonal periodicity other than rectanguto dimensions of an ice surfacéh(000) (~10.20 vs
lar in cristobalite(100). (ii) It supports the single silanols 4.52 A). Accompanied by the quadrangular periodicity on
rather than geminal ones. A prominent feature of these sileristobalite (100), this difference prevents the existence of
anols is that the distance between the two adjacent silanols ige bilayers on silica surface.
almost 5.0 A, and thus they are isolated from interacting
with each other. Hence different from tk&00) surfaces, no
H bond presents between surface hydroxylsBecristobalite
(112). This is consistent with other works, for instance in  In general, the interwater hydrogen bonding at surfaces is
Ref. 16. For the single, isolated silanol hydroxyl group onstrongly entangled with the water-surface interactions, espe-
B-cristobalite (111), the bond angle of Si—-O—H is about cially on the hydroxylated surfaces, where water binds to the
120°, with the Si—-O bond perpendicular to the surface andurfaces also through hydrogen bonds. Therefore the identi-
the O—H bond tilted by 60° from the surface normal. Thefication of these two interactions is important, though diffi-
hydroxyl group can rotate nearly freely around the Si—O axisult. However, the OH stretches, which are sensitive to
without much difference in total energies, as also proposedubtle structure modifications by surfaces and interfaces, can
by Per#” and confirmed by°Si CP-MAS nuclear magnetic provide an effective approach for this purpd8évoreover,
resonance (NMR) studie$® and quantum chemical they are usually easy accessible by experiments. Here we
calculations’® Therefore, we present just one of the surfacesanalyze the vibrations in the adsorbed water structures on
with typical silanol orientations as an example in Fig. 7.  hydroxylated silica surfaces, by calculating the vibrational
Water monomer adsorption has been calculated on the togpectra through MD simulations for typically 3—4 ps. The
site, the bridge sitébetween two adjacent silanpland the vibrational data can also provide a database for future experi-
hollow site. The hollow site is found to be the most favorablemental studies.
adsorption site. The adsorption energy is as large as We have calculated the vibrational spectra for the water
768 meV/HO for the water molecule on certain hollow monomer, dimer, and ice tessellation on tBeristobalite
sites, with the formation of three H bonds to the surface(100) surface, and the water monolayer g@hcristobalite
hydroxyls(O- - -H lengths 1.676, 1.858, and 2.035 A, respec-(111). The eigenfrequencies for the adsorbed structures and
tively). The water thus serves as a double proton-donor and the free water monomer and dimer are listed in Table IV. Itis
proton-acceptor. Summarizing water molecule adsorption oeasy to see the good agreement between theory and
both the cristobalitg100) and (111) surfaces, we note that experimerf®=*°>(see Table IV. Thus we can summarize the
the strength of water-silica bonds, which comprises mainlymethod we used here is good enough to get the vibrational
several hydrogen bonds, is usually larger than that on metalpectra. These spectra are generally dominated by three re-
surfacegsuch as 304 meV on Pt11)3tand 180 meV onAg gions: the low-frequency region below 140 meV for the in-
(111],%° salts (330 meV},*® and some oxidegsuch as termolecular translations and librations, the HOH bending
555 meV on MgO(100)].4? mode around 200 meV, and the high-frequency intramolecu-
For the monolayer adsorption giicristobalite(111), the  lar OH stretches between 347 and 478 m@vie exception
orientation of the isolated single silanols becomes very imis the OH stretch at 284 meV in the adsorbed dim&he
portant. Of all possible Si-OH orientations, only that shownhydrogen bonding always exhibits a redshift in the involved
in Fig. 7 can accommodate as many as four water molecule®@H bond stretching. The larger redshift arises from the
in the surface cell, where the maximum number of H bonddonger OH bond, and the shorter intermolecular O-O dis-
is reached. The optimized configuration is displayed in Figtance, which indicates the stronger H bond is formed.
7. The adsorption energy is 701 meV,® for this adstruc- An extreme case is the H bond in the adsorbed dimer on
ture. Each water molecule sits on the hollow site as the isoB-cristobalite (100 surface. A peak located at 284 meV,

IV. VIBRATIONAL ANALYSIS
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TABLE IV. Calculated vibrational energidg meV) for the water monomer, dimer, and tessellation icgerristobalite(100), and 1 ML
on B-cristobalite (111). The last four rows list the theoretical and experimental values for a gaseous water molecule and dimer for
comparison. Theg_, represents OH stretch energies for the H bonds between water molecules. Othesrify from surface silanols
(Si-OH) or watel vibrations are denoted ag, . The dyon is HOH bending mode.

Translations and librations SHOH Vo-Hw VO-H
Monomer/3(100) 14 30 47 64 72 102 200 444,478
Dimer/B(100 19 53 69 81 109 197 284 414,428,476
Ice/B(100 12 28 55 69 77 97,109 202 406,428,456 347,378
1 ML/B(11)) 10 40 59 75 89 105 202 422,432
448,475
H,O 198 462,478
H,O (expt)? 198 454,466
Dimer 20 34 46 67 198 442 462,473,483
Dimer (expt.)b 15 30° iy 65° 201 440 450,459,461

3Reference 43.
bReference 44.
‘Reference 45.

which is apparently not in the earlier three regions, is salienbond, which mainly comes from the perfect fitting of the
in the vibrational spectrum for the dimer. We assign this pealgeometry of water dimer to the structural restriction of the
to the H-bonded OH stretching mode between the tw®H substrate.
in the dimer. This assignment can be justified by tracing the Two types of H bonds in different strength in the tessel-
trajectory of the bridging OH bond length from a 4000 fs lation ice can be identified from the vibrational spectrtfm.
MD simulation, as shown in Fig.(8). The averaged OH One is the strong H bond inside the quadrangles, as indicated
bond length(1.05 A) is much longer than that in a free dimer by 406 and 428 meV modes, and the other is the weak H
(0.984 A, calculated Fourier transform of the OH curve in bond between the two neighboring quadrangles, indicated by
Fig. 8@a) yields a vibrational energy at 284 mel¢ee the 456 meV mode. Our assignment of these two kinds of H
insed. This vibration energy undergoes a much larger shiftbonds is justified by tracing the trajectories of the OH bond
compared to that in the free dimé440 meVj** and in the lengths in the MD simulation shown in Fig. 9. The OH bond
normal icelh (390 and 403 me)\?® Moreover, the averaged length variations for such a strong and weak H bond are
0-0 distance of 2.515 A in the MD simulatidirig. 8b)]  plotted as a function of simulation time. Both OH bond
agrees reasonably well with that obtained in our static geomlengths are longer than that of a free,(1 molecule
etry calculationg2.530 A). It is much shorter than that for a (0.973 A, calculateld and the strong H bond has even longer
free water dimef2.895 A, calculated All above data on the OH bond lengths and a lower vibrational frequency. While
OH bond and O-O separations indicate the adsorbed diméhe two lowest vibrational energies of the OH stretching
on the B-cristobalite (100) surface comprises a strong H modes 347 and 378 meV come from the vertical H bonds
formed by the surface hydroxysi-OH). Thus the separation

1 0s| OF bond Tength” between the OH stretching modes of the ice plane and the
“la 2 surface hydroxyl groups can be clearly seen. Although the H
I g bonds in the ice plane are entangled with those between wa-
1.06 g p g
< i
‘q'; 1.04} i mE T T
o wma?’on:zo mn::t;(smo:v) 1.04+ —— weak H-bond
g OO distance ’ ' = — strong H-bond
a 256} b :E/
2 |
252 & 100 “(
° | il
S 1! LT AR ITRALE z I .m’ia(sf.l
248} (A 0P RAAEMCRRER LR 110 1) AR
LS 3 I
0 1000 2000 3000 4000 0.96 ! E
Time (fs)

FIG. 8. The variation ofa) the bridging OH bond length ar(@) Time (fs)
the OO distance versus simulation time, recorded in a 3500 fs MD
simulation of the water dimer adsorbed on the hydroxylated FIG. 9. (Color online The variation of OH bond length in-
B-cristobalite (100 surface. The inset ifa) shows the Fourier volved in the strong and the weak H bonds vs time in a 1000 fs MD
transform of the OH bond length cur¢eibrational spectrum simulation of the tessellation ice g8tcristobalite(100).
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(b) and has a similar intensity as in the free dimer. However, the

charge redistribution is less significant for the weak H bond
in the 2D ice[Fig. 1Qd)]. This difference justifies our pre-
diction of two types of H bonds in the tessellation ice: the
strong H bonds in the water quadrangles and the weak H
bonds between them.

V. SUMMARY

We have systematically studied the interaction between
water and the hydroxylated cristobalit€00 and (111) sur-
faces using the density-functional total-energy calculations
within the generalized gradient approximation. These two
e single-crystal surfaces can support the two surface silanol
configurations observed in experiment: the geminal and
single silanols, and hence, represent prototype silica surface
"\-‘1 domains for general understanding of water-silica interac-

tions. A series of water adsorbates ranging from monomers
FIG. 10. Isodensity contour plots of the difference electron dent0 monolayers have been investigated, and general features

sity for (a) the free water dimer(b) the adsorbed dimer on and trends were f‘?‘ﬂ”d- ) .

B-cristobalite (100), (c) the strong H bonds, ant) the weak H (1) The water-silica bond consists simply of several hy-
bonds in the tessellation ice. The difference density is defined adrogen bonds between water and surface hydroxyls in nature.
Ap=p[(H0)5]- p[H,01)]-p[H,0] for a free dimer, Ap ~ HOwever, this water-silica binding is usually stronger than
=p[(H30),/ SiO5]— p[H20(1)/ Si0,] - p[H,0(z)/ SIO,] +p[ SiO,] for the general water-surface bonds for molecular water adsorp-
the adsorbed dimer, andAp=p[(H,0) ! SiOs]-pl(H,0),  tion on other surfaces, such as closely packed metal surfaces
+enviromen}/ SiO,] - p[ (H,0), + enviromentSiO, | (with energy of 100—400 me)\#14° salts (330 meV},*! and
+p[environment/Si@] for H bonds in tessellation ice. The contours some oxide surfaceg~550 meVj.*? This is true for water
have densities oAp=+0.005x 2X e/A3, for k=0,1,2,3...,6 and monomer adsorption on th@-cristobalite(100) (adsorption

the first three values are marked {g) for instance. Solid and energy 622 me), «-cristobalite (100 (528 meVj, and
dashed lines correspond thp>0 and Ap<<0, respectively. The  g-cristobalite(111) (768 me\} surfaces, and three H bonds
positions of oxygen and hydrqgen atoms are also depicted by larggyrm between the water and the surface in each case. The
and small black balls, respectively. same nature of water-silica bonds applies also to water clus-

ter and the surface hydroxyls inevitably, the vibrational spect®'S (like the dimey and monolayer adsorptidfike the tes-

trum presented here can provide a means for distinguishinge!lation ice. _ o
them from each other. (2) Because of the same H-bond interaction in the water-

For the monolayer water on the hydroxylated silica bonds and interwater interactions, water forms into a
B-cristobalite(111) surface, the OH stretch modes calculatednumber of different adsorption structures on all the investi-
from a 2000 fs MD simulation at 80 K are located at 422,gated surfaces, such as stabilized monomers, isolated clus-
432, 448, and 475 meV. The 475 meV mode is very close tders, 1D chains, and monolayers. These structures have var-
the free OH stretch mode in ener¢g¥76 meV}, suggesting ied stability and are unique on the specialized surfaces.
there is an almost free OH bond in the water monolayer, irProminent examples include the tessellation ice with charac-
agreement with our analysis from the static calculatidig.  teristic quadrangular and octagonal water rings on cristo-
7). Due to the different circumstances for each OH in thebalite (100), and isolated water molecules, H bonded to sur-
surface cell, the H bonds formed by the hydroxyls are differface hydroxyls, in a monolayer on cristobaliel 1). Another
ent in strength, as implied by the frequencies of 422, 432g¢xample is the greatly enhanced hydrogen bonding in the
and 448 meV, respectively. adsorbed dimer due to the geometrical fixation on the sub-

The nature of the intermolecular H bond in the free dimer,strate. Of the studied water species, the water dimer has the
adsorbed dimer, and tessellation ice on the hydroxylatethaximum adsorption energy.

B-cristobalite(100) surface can be displayed by the isoden- (3) Therefore it could be important to distinguish the
sity contour plots of the difference charge density, as showiwater-surface bonds and interwater interactions, due to the
in Fig. 10. The horizontal axis goes along the O-HD  identical nature of these two interactions for water adsorp-
bond, while the vertical axis lies in the surface normal. Fortion on silica surface. Although the two interactions entangle
the free dimefFig. 10@)], formation of the H bond leads to with each other and could be more complicated in a real
electron transfer from the proton donhe left moleculgto  case, we fortunately observed that surface OH stretches usu-
the acceptofthe right moleculgin the bonding region. The ally have a clear separation from those between water mol-
greatly enhanced charge redistribution for an adsorbed dimeacules, which provides a means to distinguish between sur-
in Fig. 100b) confirms once again that the H bond is strength-face hydroxyls and OH groups in water. For example, a
ened upon adsorption. For the strong H bond in the tesselldower OH vibration frequency(350—-380 meY was ob-

tion ice[Fig. 1Q0c)], the charge redistribution is also obvious, served for water-surface bonds due to stronger
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Si—OH---OH, in the tessellation ice, while the interwater at monolayer coverages on both cristobalt60) and metal
OH modes are located at 400—460 meV. For a water dimesurfaces. However, there are still significant differences be-
adsorbed orB-cristobalite(100, however, the interwater H tween water adsorption on the two categories of surfaces.
bond exhibits a much lower OH mode at 284 meV, which isFirst, much more enhanced H bonding in the adsorbed dimer
again far from OH modes in water-silica H bonds js observed on cristobalitel00) than on metals, which can
(410—430 meV. Similar vibration recognition techniques of pe indicated from the H bond lengtimore shortened the
surface water have already been developed on the metgjprational spectra from MD simulationénore redshifted
surfaces! ] o ) OH modeg, and the redistribution of the charge between the
(4) Covered by geminal and vicinally H-bonding hy- gimer (more enhanced The possible reason for this large
droxyl groups 8- and a-cristobalite(100) display very simi-  anhancement may be the perfect fit between the structure of

) €the cristobalite substrate and the geometry of water dimer.
haviors were observed for water monomer, half-monolayer,

and monolayer adsorption on both surfaces. The adsorptioﬁecond’ the partition of the two types of H bonds in
energy ona-cristobalite(100) is always lower than that on ydrogen-bonded networks originates differently. It comes

from the connection of different water network patterns on

B-phase, but exhibits the same trend with an increase of wa- . : .
) o X ristobalite(100), but results from the different numbers of H
ter coverage. A 2D ice phase, tessellation ice with characte%onds Wat(er d)onates on metal surfaces. Finally and most

istic quadrangular and octagonal rings of water molecules, i$ . .
formed on the botl{100) surfaces at 1 ML coverage. In the importantly, the ice tessellation made of quadrangular and

tessellation ice, the quadrangular water rings sit either on th Cé%?gﬂglisc?lt;fergswcgtgar;eglga:ggu‘;irgggsalﬁg(f{'ls)tg?al'te
bridge of two geminal sites or vicinal sites. It also shows two

typical different proton-orderings within our surface cell. ML coverage, while an icéh-like hexagonal water bilayer

However, very different water adsorptive behaviors haveforms on closely packed metal surfaces. The ice tessellation

been found on the cristobalitd11) surfaces. As it sustains Fs)BgzteraltSé hlltghflc))/rmdzgggdisr;:igl tr:jitzm?nc: d sbtrutchtgrree oljirt:_e
another important type of silanols found on silica—single ' y Y N

: : . . ment of saturating hydrogen bonds among water molecules.
silanols, theB-cristobalite(111) surface displays completely . : X . .
different adsorptive structures upon water adsorption fromThe cristobalitd100) surface with geminal hydroxyls, which

those adstructures on 00 surface. A hydrogen bond is provide active sites by either donating or accepting H bonds,

neither formed between any two isolated hydroxyls norsatisfies this requirement perfectly, while the hexagonal

metal surfaces match the tessellation ice poorly. Although
formed between any two water molecules at 1 ML COVETalge.y experimental data are available so far on the cristobalite
on B-cristobalite(111). Therefore, only isolated water mol- P

ecules. but no icelike water is formed on this surface Whichsurfaces studied, we believe our predicted tessellation ice
is totaliy different from the case of cristobalit®00) ' indeed exists and even on the small domains of the silica

(5) Compared with water adsorption on other COmmonsurface. In fact, evidence for the ordered hydrogen-bonded

o water network on the crystal silica surface has already been
surfaces, such as on metal surfaces, water on silica can be-

have both similarly and substantially differently. Similar provided by a recent experimeht.
structures in the adsorbed water dimer and 1D chains are
found on cristobalite(100) surfaces and on Pt11).3! En-
hanced H bonding in the adsorbed dimer shows up in both We thank Mike Dotson for his critical reading of this
cases. Furthermore, two types of hydrogen bonds of differemhanuscript. This work has been supported by the NSF and
strengths are determined in the 2D connected water networkdOST of China.
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