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(H20)10 and (H0);2 are used to investigate the growth of ice on metal surfaces with hexagonal symmetry. The
model of the virtual metal surface was used to separate the electronic structure of the metal from that of the water
cluster while maintaining the geometric constraints imposed by the metal surface on the water cluster. To complement
the ab initio calculations on the water cluster, an additional multicenter analysis was done to analyze the hydrogen
bonds within the clusters. These calculations suggested that the water bilayer structure adjacent to the virtual metal
surface effectively shields the growing ice cystal from the metal surface.

1. Introduction moments pointing toward the metal surfdéeAn alternative

. ) model for the structure of the water bilayer adjacent to the metal
A water bilayer structure” has been proposed as the basis of g (face has recently been described by Ludwig in his brief

the growth of ice on hexagonal metal lattices. The ice phase ongyiew12 The dipole moments of the water molecules in the
platinum is believed to have the same hexagonal symmetry asqgcond plane of the bottom bilayer (layer II, Figure 1) point
the surface, and a cyclic water hexamer such as that observeqgyard the surface as does one OH bond of the water molecule.
in hexagonal ice forms the basis of the bilayer structurae Such an alignment of the dipole moments preventing the formation
structure of this water bilayer is generally explained in terms of ¢ ferroelectric ice clusters can be explained by cooperative
an extension to surfacksf the Bernat-Fowler—Pauling rules contributions to the surface water interaction enéfgy.
(ice rules)* Specifically, each water molecule is bound by at | the initial stages of growth, a water molecule has two possible
least two bonds (which may be hydrogen bonds to other water adsorption sites: attached either directly above a platinum atom
molecules or oxygen lone pair bonds to the surface) while on the surface or to a water molecule already bound to the
maintaining a tetrahedral configuration. Each water molecule in syrface®14The coexistence of both species (i.e., awater molecule
the lower layer closest to the metal surface is bound to the surfacegirectly bound to the surface and a water molecule attached to
viaalone pair orbital on the oxygen, and all free lone pair orbitals another water molecule) is commonly explained in terms of the
on oxygen remain nearly perpendicular to the surface. In anideal energy of isolated bonds, although the importance of cooperative
infinite bilayer, all water molecules have their dipole moments forces has been suggested previod8h?15The strength of the
pointing away from the surface (“flip up”), whereas in a finite  platinum—water bond corresponds to that of two to three hydrogen
cluster, water molecules whose dipole moments point toward bonds, so either type of bonding is possible.
the surface (“flip down”) may occur at the edge of the clustef. TDS spectra (thermal desorption spectroscbpy) 1623 of

A water cluster originating from the described bilayer would Wwater from the platinum(111) surface distinguish different water
have all dipole moments pointing away from the metal surface species. The data from Ogasawara étahows three prominent
and thus represents ferroelectric ice. A perfect ferroelectric peaks at 155, 165, and 200 K. The first peak (at 155 K) was
alignment of the dipole moments is prevented by the afore- assigned to ice sublimation, the second (at 165 K), to water in
mentioned flip down water molecules at the cluster's edges. - :
Such a species has been observed on Ptel&®),experimental 83 mmé%_iﬁztw\_/%hﬂ%@; e a0 LT
evidence suggests similar water structures on Pt(21%Also, (13) Lankau, T.; Nagorny, K.; Cooper, I. Langmuir1999 15, 7308-7315.
two water bilayers can be arranged in a sandwich structure in ~ (14) Fisher, G. B.; Gland, J. LSurf. Sci.198 94, 446-455.

L . L (15) Miller, J. N.; Ling, D. T.; Stefan, P. M.; Weissman, D. L.; Shek, M. L,;
which the water molecules of the upper bilayer have their dipole Linday, I.; Spicer, W. EPhys. Re. B 1981 24, 1917-1926.

(16) Fisher, G. BMonolayer and Multilayer Adsorption of Water on th¢ Fit1)
- - Surface General Motors Research Publication GMR-4007 PCP-171; General
* Corresponding author. E-mail: lankau@oxygen.chem.nthu.edu.tw Motors Research Laboratories Warrehysical Chemistry Department: Warren,
(preferred). Phone: +)886-3-5715131-33414. Fax:+}886-3-5711082. MI, 1982.
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the second adsorption layer, and the third (at 200 K), to water  Kay et al3> showed in their experiments that the sublimation
directly bound to the surface. Whereas the first two peaks haveof crystalline ice can be observed in TPD (temperature
been positively identified, the origin of the third remains a matter programmed desorption) spectra even at low deposition tem-
of discussiort1-2224The formation of the second peak at 165 K peratures, provided that the surface has been precovered with
can be observed at coverages as low as 0.13 to 0.27 ideal watecrystalline ice. The crystalline ice does notinduce epitaxial growth
bilayer? These TDS results are consistent with other experimental of ice if water is deposited at low temperatures but catalyzes the
results?10.14.23.2527 which also support the formation of water  crystallization process. Crystallization rates determined from TPD
clusters at low surface coverage. spectra show that the crystallization of amorphous ice on

The second peak (165 K) is the multilayer peak in the TDS crystalline ice is about 1000 times faster than that observed on
spectrum. A water molecule from the top layer should therefore Pt(111).
be in a chemical environment similar to that oflgiice crystal. George et at® reported ITD experiments of 40 on Ru(001)
As long as the electronic structure of the surface does not promotethat show that zeroth-order ice sublimation can be observed even
a different mechanism of adsorption, such as the dissociativewith thin ice films containing more than five water bilayers.
one proposed by Feibelm#&nfor Ru(0001), differences in  Furthermore, their experiments suggest that the vast number of
desorption temperature have to be the result of the lattice distortionwater bilayers necessary to observe bulk behaVican be
of the ice crystal because this molecule has no direct contactexplained by the surface roughness of the ice film. However, the
with the metal below. A measure of this distortion is the lattice- work of Chakarov, Kay, and co-workéfs® suggests that it is
type mismatch (Itm). The highest desorption temperature should possible to observe water desorption from crystalline ice if the
therefore be found for the metal with the smallest lattice-type ice layers have been carefully prepared. Such preparation should
mismatch (copper) but was found for ruthenium. This shift of include high adsorption temperatures and long annealing times
the maximum peak position and the higher bonding energy attemperatures close to that for water desorption. These condition
compared with that of ice sublimation suggest that the simple severely limitthe number of authentic observations of hexagonal
bilayer model of Doering and Madey may need further refine- ice on metal surfaces, but two reliable preparations have been
ment/:12.13,29,30 reported by Somorjai and co-workers that will be used as

In contrast, many TDS experiments listed by Thieland Madey an experimental reference in the final discussion (section 5).
suggest that the formation of the bilayer is very similar on different
surfaces whereas ice sublimation examined with ITD (isothermal
desorption) experimeritshas been described as strongly surface- . )
dependent. ITD experiments suggest that ice sublimation depends "€ geometry of the metalvater interface is controlled by
on the strength of the watemetal interactions up to many water the interaction among three sets of atoms: _ sgrface atoms, the
layers on the surface. The surface-independent peak in the [TDWater molecules in layer I, and molecules within layersiV.
spectra has been assigned to amorphous solid water. The surfack0 distinguish between these interactions, the model ofthe V|r'gual
dependence of ice sublimation is reflected in the number of water SUrfacé?**was chosen to separate mathematically the growing
layers on the metal surface necessary to observe bulk behaviofc® crystal from the electronic structure of the metal surface.
in the sublimation process in ITD experiments. The number of ~ Our model of the metaiwater interface used for the
water layers can be used as a relative measure of the wettabilitycalculations reported here comprises three parts: the water bilayer
of the surfacé? directly attached to the metal surface was represented by a cyclic

Chakaro¥? and co-workers have examined this effect on the Water hexamer (called bilayer hexagon) with the same geometry
platinum(111) and on the graphite(0001) surface. Bulk behavior @ in the bilayer structure proposed by Doering and Mdes,
of the ice layer was observed at a coverage of at least 30 wateriCe crystal was represented by a second water cluster resting on
monolayers, which contrasts with the value of approximately 5 top of the water hexagon, and the metal surface was replaced by
monolayers by Somorjdf An initial clue to resolve this a V|rtual_one7, vyhlch is built from a mesh of seven auxmgry
contradiction is given by another experiment in the same paper. 9eometrical points and a set of geometry constraints acting on
By varying the water deposition temperature between 100 andthe water cluster. Because the auxiliary geometrical points replac_e
135 K, Chakarov et al. were able to show that an amorphous icethe surface atoms and the hexagonal symmetry of the surface is
peak can no longer be observed in the spectrum and that ice hadn@intained in all calculations, different metals vary only in the
been formed at the beginning of the experiment, but the typical Value of the surface lattice constatit defined as the distance
tailing off of non-zeroth-order desorption kinetics can also be Petween two neighboring auxiliary points (Figure 1).
observedin these experiments. Hence, the properties of ice visible The water hexamer directly attached to the virtual surface is
in ITD experiments depend significantly on the chosen method assumed to have the same geometry as a six-membered water

2. Surface Model

of preparation.
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ring in an ideal infinite bilayer structure. Its construction has
been described previously? and additional information on the
geometrical setup is given in Supporting Information. The
geometry of a water molecule in the basal plane directly attached
to the virtual surface resembles a Lewis-type wataetal bond

via an oxygen lone pair. In the second plane, one hydrogen atom
of each water molecule lies perpendicular to the virtual metal
surface, and the second is used for the hydrogen bond to a water
molecule in the basal plane.

(35) Dohridek, Z.; Ciolli, R. L.; Kimmel, G. A.; Stevenson, K. P.; Smith, R.
S.; Kay, B. B.J. Chem. Phys1989 110, 5489-5492.

(36) Livingston, F. E.; Smith, J. A.; George, S. Burf. Sci1996 423 145—
159.

(37) Smith, R. S.; Huang, C.; Wong, E. K. L.; Kay, B. Burf. Sci1996 367,
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this constraint, the bridging water molecules were allowed to
reorient freely during geometry optimizations.

According to the ice rule$? only two of the three bridging
water molecules can point with one of their hydrogen atoms to
the top molecule, and both hydrogen atoms of the third bridging
water molecule have to point away from the top molecule (Figure
1a). The symmetry of the ()., cluster is reduced t€;.

The water dodecamer (Figure 1b) has the correct symmetry
to represent hexagonal i¢g It was formed from the original
model by adding a cyclic hexamer to the bilayer hexagon
maintainingCs; symmetry. This new water hexagon at the top
will be called ice hexagon. The three water molecules in the third
plane are defined in a fashion similar to those in the cluster of
10: the oxygen atoms of these water molecules stay at the same
varying distance from the second layer, but they do not need to
stay right on top of an oxygen atom. They were allowed to
reorientate under the named constraints during geometry
optimizations. The final three water molecules of the dodecamer
were allowed to reorient freely under the constraint Gf
symmetry, which maintains the bilayerlike geometry.

The distance between the oxygen atoms of the water molecules
at the top of the ice hexagon and those at the bottom (layer III)
is a measure of the nonplanarity of the ice hexagon. Another
measure of the nonplanarity of the ring is the angdewhich
is defined similarly to the angle; in the bilayer hexagon (Figure
1). B2 is defined as the angle between the normal of the virtual
surface and the symmetry axis of the water molecule.

3. Computational Details

by The (Hz0)12 cluster. Hartree-Fock (HF) and density functional theory (DFT using

Figure 1. Model cluster for ice growth. Large dark-gray circles the B?’I_‘YP hy,b”d metlhO(’j as defmgd in Gaussian*’p8
mark oxygen atoms, light-gray circles mark hydrogen atoms, and calculations using Dunning’s DZP basis 8ewere performed
small circles with a cross represent geometrical auxiliary points. to compute the total energy of the clusters during geometry
The thick dotted lines indicate hydrogen bonds, and the thin solid optimizations for various values of the surface lattice constant
ones indicate the virtual surface or auxiliary lines. Oxygen atoms d,. These calculations were complemented by an analysis of the
marking the planes of the clusters are labeled with Roman numerals.p, ,iiicenter energy contributiofsto the total energy. The
multicenter energy calculations were made using a variation of

The water molecules in the first and second planes of the gyjjlinger's equation® which have been widely used for these
cluster have two degrees of freedom: a water molecule in the purposedi—47

first plane has two rotational degrees of freedom, and amolecule’ The apsolute energEass of a cluster built fromN water
inthe second plane has one rotational and one translational (Figuréy,qjecules as a function of the monomer positian} ihay be
1). The distance between the first and second planes in theitten as the sum of multicenter energis.);
optimized water cluster was used as a measure of the nonplanarity
of the bilayer hexagon. =

The binding energy of a water molecule to an ice crystal is Brps(tu--Xn) = Eio + Bao  Bao b+ + By @)
of the order of two to three hydrogen borid& water molecule N N
in such an exposed position bound to the water bilayer via three = Z EN(x) + z VA(x;, x) +
hydrogen bonds can be found at the top of theQ)o = 1=
cluster (Figure 1a). The water decamer with its adamantane VO Vv
(tricyclo[2.3.1.13,7]decane)-like structure can be found in cubic Z (X X X)) = +++ F VE(Xq.. %)
ice and is therefore a poor model for hexagonal ice on metal ===k

surfaces. However, the construction of a water cluster with a . .
- 2 Inthe chosen surface model, the single-molecule enelEfiés)
similarly exposed water molecule and a structure similar to that .
are equal to the energies of the free monontgrbecause the

observed in hexagonal ice requires many more water molecules, . )
O . é;eometry of the water monomers was frozen atits experimentally
which increases the computational costs beyond a reasonabl

limit. . . . (38) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
The third layer of water molecules in Figure l1a forms the A, Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, R.
bridge between the molecule at the top and the water bilayer atE.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain,

M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.;
the bottom. The oxygen atoms of these three water moleculeSpomelii, c.: Adamo, C.: Clifford, S.; Ochterski. J.; Petersson, G. A.: Ayala, P.

lie at the same height above the corresponding water moleculesy.; Cui, Q.; Morokumla, Kk Malick, D. K.; Rab?ck, A. D, Raghavachar# Kk
B f f i ~o|FOresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko,
inthe sgcond layer as dp th_elr hydrogen atoms. Thls geometrlcaIA.; Piskorz, P.. Komaromi, |.- Gomperts, R.: Martin. R. L.: Fox, D. J.: Keith, T.:
constraint forces the bridging water molecules into a geometry Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe,
similar to that expected for a hydrogen bond to the water bilayer m g'g Pd M. \KAV éohrllsoln, E- g ghef’ \SV-(;BXVOHQ, MéBVé-: Andfesyl J. L

: f . eaa-Gordon, M.; Replogle, E. S.; FPople, J. ussian aussian, Inc.:
by the lone electron pairs of the bridging water molecules and pigspurgh. PA, 1998,

the hydrogen atoms at the top of the bilayer hexagon. Despite  (39) Dunning, T. H., JrJ. Chem. Phys197Q 53, 2823-2833.
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observed valuesrgy = 0.9572 A, Onon = 104.52 48). The
multicenter energies are given by the sum of the individual
multicenter interactions/®(x;, ..x) and can be calculated
recursively according to the following equation.

EV(x) = E(q) = E, @)
V(Z)(Xiv X)) = Ex(X;, X)) — E(l)(xi) - E(l)(xj)
VE(x;, X, %) = Eq(x;, X, ) — EV (x) — EV(x) —
ED(x) — VO(x, x) — VP(x, x) — VP(x, %)

)

To obtain the multicenter interaction energé8, the energy
(Ei(xq, ..X;)) of a subset of water molecules is needed. During

Langmuir, Vol. 22, No. 26, 20080945

previously-29to analyze the properties of the water bilayer on
hexagonal metal surfaces. To distinguish thig®hd cluster from
that observed in (kD)10 and (HO)12, this water hexamer will
be called isolated hexagon within this text.

4.1.1. Geometry of the Bilayer Hexagdrie heighth; of the
isolated bilayer hexagon as a function of the surface lattice
constantd; has been discussed in detail in ref 7. As the value
of d; increases, the bilayer hexagon becomes flatter, anlg at
> 2.7 A, the bilayer hexagon was approximately planar. Figure
2a compares the results for the heighof the bilayer hexagon
obtained for (HO)g, (H20)10, and (HO)12. Correlation calcula-
tions on the isolated (#D)s cluster have been made at the MP2
level/ and correlation effects have been included in the
calculations for (HO)10and (HO)12 via DFT calculations. The
flattening of the bilayer hexagon can be observed Q1 and
(H20)12, similar to the results obtained for the isolated hexamer

these calculations, the water molecules stay in the same positiong, g bilayer model. Total planarity & 0) was not observed within

(xi) as in the optimized cluster.

The binding energy of the complete clus&f is the energy
difference betweeBags of the cluster and the sum of allmonomer
energiesE;..

TOT
EBIND

(Xps--Xy) = Epgs — Ejc = Epe T Egc + .. F By (3)
WhereasEga), describes the formation of the complete cluster,
the binding energy of the first water molecule of the cluster with
the remainder can be calculated by summing exclusively over
those multicenter interaction energi#8(x;, ..x;) that contain

the first moleculex;:

Eeino = Elznct + El3nct ot Elr\Tct (4)
N N
= Z V@(x,, x) + 2zk\/(3)(xl, Xj, %) e
= =
VV(x,.. X))

the HF calculations witll; < 3.0 A (Supporting Information).
The agreement among the results ligras a function ofd;
(hy(dy)) is very good. However, the results for {Bl);o suggest
that the bilayer hexagon in @)y is slightly more planar than
that in (HO)s or (H20)12. A similar effect can be observed in
the tilt (w4) of the water molecules in the first layer (Figure 2b).
Regarding the orientation of the water molecules in layer I,
all three cluster models show the same behavior. With increasing
values ofdy, the tilt w; of the water molecules in the first plane
decreases after passing through an initial maximum. For values
of d; > 2.7 A, the value ofv; becomes smaller than 20The
increase in cluster size enhances the ice charaotes (closer
to its ideal value of 129 of the bilayer hexagon, but values for
w1 < 90° can still be observed in (#D)10 and (HO)2. The
curves forwy(d;) are nearly the same for (B);0 and (HO)12
for di < 2.5 A. Asd; becomes larger than 2.5 A, the hydrogen
atoms of the layer | water molecules in fB);0 move faster
toward the surface than those in®)12, and the bilayer hexagons
of (H20)s and (H:O):10 become more alike. The ice hexagon in

All energy calculations were made using the Gaussian 98 (I_—|20)12 seems to sta_bilize the ice character of the underlying
program package, and the multicenter energy analysis was dondilayer hexagon, but it cannot prevent hydrogen atoms of layer

using our own code, which can be obtained from the author upon
request.

4. Results

The HF results describe the same chemistry as the DFT
calculations. Therefore, only the DFT results are discussed here
For comparison, the HF results are presented in Supporting
Information. This section reporting the DFT results is subdivided

| water molecules moving down toward the virtual surface for
d. > 2.8 A.

A value smaller than 90for w; implies that both hydrogen
atoms of water molecules in the first layer have to point to the
metal surface. This orientation of the hydrogen atoms is unlikely
to be observed on a real metal surface because the energy

necessary to move both hydrogen atoms into this position
increases rapidly as the valuewffalls below 90.74°Therefore,

into two subsections. The first subsection focuses on the geometryt SEEMS 10 be justified to assume that the value ptloes not

of the optimized water clusters, and the energetic effects are
discussed in the second one.

4.1. Structural ChangesThis section focuses on the geometry
of the (H:0)10 and (HO);; clusters as a function of the surface
lattice constantd;. Both (H:O)10 and (H:O):» represent an
extension of the bilayer hexagon. A{Bl)s cluster has been used

(40) Hankins, D.; Moskowitz, J. W.; Stillinger, F. H. Chem. Phys197Q
53, 4544-4554.

(41) Xantheas, S. $hilos. Mag. B1996 73, 107-115.

(42) Xantheas, S. SNATO ASI Ser., Ser. 2000 561, 119-128.

(43) Hodges, M. P.; Stone, A. J.; Xantheas, S1.hys. Chem. A997, 101,
9163-9168.

(44) Kim, K. S.; Dupuis, M.; Lie, G. C.; Clementi, Ehem. Phys. Letl.986
131, 451-456.

(45) Xantheas, S. Sl. Chem. Phys1994 100, 7523-7534.

(46) Pedulla, J. M.; Jordan, K. INATO ASI Ser., Ser. 200Q 561, 35-44.

(47) Pedulla, J. M.; Kim, K.; Jordan, K. BDChem. Phys. Lett1998 291,
78—84.

(48) Benedict, W. S.; Gailar, N.; Plyer, E. B. Chem. Physl956 24, 1139-
1165.

fall much below 90 and that the movement of the hydrogen
atoms infirst-layer water molecules stops as approximate planarity
is reached.

In summary, parts a and b of Figure 2 demonstrate clearly that
the geometry of the bilayer hexagon is affected only to a small
extent by the additional water and therefore its geometry seems
to be controlled solely by the surface lattice constnt

4.1.2. Geometry of the Ice Hexagarhe height of the ice
bilayer, which is defined as distance between planes Ill and IV,
seemsto be insensitive of the value of the surface lattice constant
di (A~ 0.06 A) as shown in Figure 3a. The height of the ice
hexagonlis ~ 0.69 A) is significantly smaller than that expected
for an ice structure built from ideal tetrahedral(5 A), which
agrees well with previous calculationthat showed that the

(49) Lankau, T.A Computational Analysis of the Platinum-Water-Vacuum
Interface. Ph.D. Thesis, University of Hamburg, Hamburg, Germany, 2000.
http://www.sub.uni-hamburg.de/disse/398/Diss.pdf.
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Figure 2. Geometry changes in the bilayer hexagon as a function
of surface lattice constamk. Data for (HO)s taken from ref 7.
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Figure 3. Geometry of the ice hexagon.

hexagon of the isolated hexaméx & 0.73 A) and that of the
free hexamer are also much flatter than expected.

Thetilt 52 (Figure 3b) of the water molecules in the third plane
seems to be less dependentdarihan that of the molecules in
the first plane 1), as a comparison with Figure 2b shows. The
value of 3, increases linearly with the value df, and values
of 3, smaller than 99were not found. This observation can be

Henschel et al.
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Figure 4. Dependency of the energy of formatig ?\,TD ond;. Data
for (H,O)e taken from ref 7.

explained by the directional hydrogen bonds between the
molecules in the second and third planes.

The ice hexagon seems to float above the bilayer hexagon
with its geometry frozen close to the optimal one. This floating
can be deduced from the graph in Figure 3c, which shows the
distanceh;, between planes Il and Ill in (#D)12. As observed
previously forhs, the value oh;, varies only slightly with surface
lattice constantl;. The additional water structures always stay
at approximately the same distance from the second plane despite
the height of the bilayer hexagon.

The oxyger-oxygen distance of hydrogen bonds between
direct neighborsrpo) in the bilayer hexagon depends strongly
on d;. For small values ofl;, roo is large because the water
molecules of the second plane are pushed upward by the
compression, and for large valuesigfroois large again because
large values ofi; pull the bilayer hexagon apart, as the water
molecules of the first layer have to stay above the virtual surface
atoms. This cannot be observed in the ice hexagon. The value
of ropin the ice hexagon is virtually unaffected by the changes
in di, despite a small increase iao for large values ofl;.

A similar effect has been observed in the@)o cluster. The
height fi3) of the additional (HO), pyramid as well as its distance
from the bilayer hexagon hardly changes vathwhich suggests
that the observed flotation is independent of the structure of the
added water cluster.

4.2. Energetic EffectsThe analysis of the cluster geometries
showed that the ice hexagon and the water tetramer i@l
seem to float on the bilayer hexagon. This section focuses on the
energetic aspects of this floating, the next subsection will focus
onthe bilayer hexagon, the following two will discuss the bonding
energy of water molecules in the fourth layer, and multicenter
energy effects are discussed in the final subsection.

4.2.1. Bilayer HexagonFigure 4a shows the energy of
formation of the complete water clusteEsor, divided by the
numberm of hydrogen bonds in the cluster as a function of
surface lattice constam;. Because the number of hydrogen
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Figure 5. Bonding energyEginp Of a layer IV water molecule.

bonds ((HO)e:6, (H20)10:12, (H,0)12:15) does not change during
the calculations, Figure 4a can also be used to andijgp.
The resulting curves foELa-/m for (H20)10 and (HO)12
have the same shape as that fos@hs, although their dependence
onds is smaller. The additional hydrogen bonds inQho and
(H20)12 seem to lessen the influence af on ELQ,. Further-
more, the absolute valuesBfy/mfor d; > 2.6 A indicate that

the average hydrogen bond in the small water hexamer is stronge
than that in the larger water cluster.

All curves seem to have a maximum closedio= 2 A and
a minimum in the range of 2.6 & d; < 2.8 A. The maximum
at 2 A indicates a major change in the bilayer structure, which
has been analyzed previously for the isolatedd}d cluster?
the bilayer hexagon turns into a triangular antiprism by splitting
into two trimers. The visual inspection of the geometries for
(H20)10and (HO);2 reveals a similar transition for small values
of d;. However, the splitting of the bilayer hexgon does not seem
to affect the floating ice hexagon.

AELQL(dy) is the difference between the valueElo at a
given value ford; and that ofEL[, at the energy minimum
(Figure 4b). The changes ELq, for (H20)0 and (HO)s, are
the same as those observed fop@hk, which suggests that the
surface dependency of the energetics in the water cluster ar
dominated by the bilayer hexagon.

4.2.2. Top Water Molecul€igure 5 shows the binding energy
Eginp Of a water molecule from layer 1V in the g8);0 and the

(H2O)12clusters. The water decamer has been chosen as a surfac

model to test the effect of the surface lattice consthrn the

e
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Figure 6. Bonding energyE;ings between the bilayer and the ice

hexagon and energy of formati@ . relative to their minima in
(H20)12.

3

minimum value), which has been heralded in Figure 3 by the
constancy of its positionhg) and the geometrnyhg, (2, roo) of
the ice hexagon.

TOT

The energy of formatiorEgy, of the ice hexagon hardly
changes withd; and increases constantly in the experimentally
accessible region al; values, whereas the interaction energy
‘Ermgs between both water rings seems to level offiat= 2.8 A.
Although these results suggest very weak coupling betwigen
and the energetics in the ice hexamer, this coupling is unimportant
with respect to that observed in the bilayer hexagon (Figure 4b).

4.2.4. Multicenter Energiegrigure 4a shows the value of
Emub per hydrogen bond for the complete cluster. Bor 2.6
A, the strongest average hydrogen bond can be observed in the
(H20)6 cluster, which is the smallest cluster in this study.
Cooperative effects are known to be strong in hydrogen-bonded
systemg?50-54The strength of an average hydrogen bond should
therefore increase with increasing cluster size, but the opposite
was observed here. An additional analysis of the multicenter
energies (mce) was done to gain further insight into this
observation.

Figure 7a shows the mce analysis&f)|, for the complete
(H20)12 cluster. The minimum ifE,((d1) can be observed at 2.80

A, and the minimum irEL[, can be observed at 2.65 A. This
shift is caused by strong three-center energies, which have their
ginimum at 2.40 A. Multicenter energies of higher order, which

ELOL (Table 1), have only a

still contribute significantly toEgyp

bound to the cluster by three hydrogen bonds. EBgp(d1)
curve of this water molecule has a minimum at 2.61 A, which
agrees fairly well with the minima for the total energy of formation
curvesELQL (dy = 2.70 A). The cluster lowest in energy binds
the top water molecule most strongly as observed previously for
a layer Il water molecule in the isolated 4Bl cluster?

Experimental data for the formation of ice on a hexagonal
metal surface exist for 2.5 & d; < 3.0 A. The changes iiginp
are small in this region of the ploA¢:?Eginp = 0.35 kcal/mol),
which suggests that the ice sublimation energy is decoupled
from the surface lattice constadt.

Figure 5 also includes similar plots for the AB));» cluster.
Although a layer IV water molecule is bound to the cluster by
only two bonds, the values fdEgnp are similar in size. The
minima in theEgnp(dy) curves calculated with the ga);»cluster
are much shallower and are found at smaller valueslfdinan
those for the (HO)o cluster. The value oEgnp decreases
continuously in the range of 2.5 & d; < 3.0 A, but these

changes, though larger in size, are still comparable to those

observed for (HO)10 (A3 Eeino = 0.79 kcal/mol), which again

suggests that ice sublimation from the second bilayer should be

independent ofl;.
4.2.3. Ice HexagorThe energetic changes in the ice hexagon
are all very small (Figure 6, energies plotted relative to their

same mechanism can be observed in the bilayer hexagon (Figure

7b). The minimum irEx{d;) can be observed between 2.80 and

2.85 A, that ofEs((dy), at 2.45 A, and the minimum 5o,

at2.60 A. These results agree very well with those from the MP2

calculations on the isolated water hexamer on the virtual sufface.

The minimum inEx{d;) has been observed at 2.85 A, that in

Ead(dh), at 2.45 A, but that irfELqL, at 2.70 A. An analysis of

the quantum chemical results suggests that the difference in the

positions of the minima for (kD)s and (HO)1¢/(H20)12 have to

be attributed to the different computational methods (step size

and correlation method) and not to a cluster size effect because

the HF results match much better (Supporting Information).
Figure 7c displays the mce as a functiodgh the ice hexagon.

The individual contributions hardly change with the valuepf

The strength oy increases A5 o | = —0.86 kcal/mol) as

d;increases. This increaselia.is compensated for by a decrease

in Eac (A3 0E5 ' = +1.56 kcal/mol), and thus the absolute value

(50) Gregory, J. K.; Clary, D. CJ. Phys. Chem1996 100, 18014-18022.

(51) Liu, K.; Brown, M. G.; Saykally, J. RJ. Phys. Chem. A997 101,
8995-9010.

(52) Yoon, B. J.; Morokuma, K.; Davidson, E. B. Chem. Phys1985 83,
1223-1231.

(53) Belford, D.; Campbell, E. SI. Chem. Phys1984 80, 3288-3296.

(54) Berendsen, H. J. C.; Grigera, J. R.; Straatsma, I..PPhys. Chenml 987,
91, 6269-6271.
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contributions. Total:

Table 1. Multicenter Energies of (HO)1. at the Global

Minimum (d; = 2.65 Ap

complete cluster  bilayer hexagon ice hexagon
Elon —121.718 100% —53.195 100% —53.419 100%
Eqmp/M —8.114 —8.866 —8.903
Eac —97.855 80% —39.888 75% —39.764 74%
Esc —20.744 17% —11.421 22% —11.791 22%
Eac —2873 2% —1672 3% —1.655 3%
Esc —0.246 —0.203 —0.200
Esc —0.011 —0.011
3 -3 Eic -3.119 3% —1886 4% —1.871 4%

a All energies given in kcal/mol.

ETOT

TOT
of Egnp E

decreases AG) Efon

= +0.92 kcal/mol) asd;

Henschel et al.

Table 1 also lists the hydrogen bonding energies isOb
at the global minimum. The strength of hydrogen bonds in the
bilayer and the ice hexagon-8.9 kcal/mol) is greater than the
average bond in the complete B, cluster (8.1 kcal/mol).
To lower the average value of the hydrogen bonding energy, the
remaining three hydrogen bonds linking the bilayer and the ice
hexagon must be weaker than those in the rings. The DFT bonding
energyE;ings of both rings ford; = 2.65 Alis equal to 15.104
kcal/mol. The average strength of a hydrogen bond linking the
two hexagons is therefore5.03 kcal/mol. Calculating the sums
along the rows of Table 1 shows that the two-center contribu-
tions to the hydrogen bonds are of similar size (bilayer hex.,
—6.6 kcal/mol; ice hex.;-6.6 kcal/mol; link,—6.1 kcal/mol)
but the three-center contributions differ in sign (bilayer hex.,
—1.9 kcal/mol; ice hex.;-2.0 kcal/mol; link,+0.8 kcal/mol).
The positive sign oEjz; suggest that cooperative interactions
between the two water rings are disfavored in the chosen geometry
of the (HO)12 cluster, which finally results in a weakening of
the hydrogen bond network in the complete cluster itself.

5. Discussion

Table 2 summarizes the results for all water clusters discussed
here. Data for an ideal idg structure are given for comparison
in the first part of the Table. Ideal idgis made from tetrahedral
water molecules, and the lengths of the crystallographic unit cell
are used to compute bond distances in this ice model.

According to the model of epitaxial growth, hexagonal ice
should grow best on a surface with a lattice constardf 2.6
A. The second part of Table 2 contains data for this valugy of
The heighh; of the bilayer hexagon is too small. Similar behavior
can be observed in the hydrogen bond length in the bilayer
hexagorrg"o, which is also too short (2.69 A). Better agreement
between the ideal and calculated values for the hydrogen bond
lengths can be observed in the ice hexagon (2.71 A), which is
still too flat (hz = 0.67 A). Furthermore, the hydrogen bonds
perpendicular to the virtual surface are too long (2.96 A).

The tiltsw; and S, of the water molecules in layers | and Il
can be used as a measure of the ice character of the clusters. The
value ofw; is too small for an icelike structure regardless of
cluster size, but a small increasedn with cluster size (1017
< 102.6 < 106.4) can be observed.

Data obtained at the global minimumm§y, are listed in the
third part of Table 2. The value af; at the global minimum
decreases slowly toward the ideal value of 2.60 A as the cluster
size increases. This trend can also be seen in the curvature of
the AEL 5 (ds) plots (Figure 4b). The value af; at the global
energy minimum is always larger than 2.60 A, and the values
for hs andw; are therefore smaller than those observeddior
=2.60 A (Figures 2a and 2b). The decline in these values suggest
a less ice-like structure compared with thoselat 2.60 A.
However, the value ab; increases with increasing cluster size,
and the hydrogen atoms of the layer | water molecules (i}
no longer point toward the surface.

A comparison of the geometrical properties ob@), (n =
6, 10, 12) with those for icéy, indicates that the ice character
of the clusters increases with cluster size. However, the influence
of the cluster size on the cluster geometry is much smaller than
that of the surface lattice constaiht

Witek and Buch! reported molecular dynamics simulations

increases. These changes are very small compared to those iof the ice film on Ru(001)d; = 2.71 A). The computational
the bilayer hexagon, and because the mce pattern reflects chemicaetup for an ice film comprising two bilayers was similar to the
bonding within the cluster, itis possible to assume that the bonding ideal structure of ferroelectric i¢gas carried out here for ¢); .
mechanism in the ice bilayer is not affected by the changes in The authors observed in their simulations the formation of a new

di.

structure, which they called a sandwich structure. The dangling
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Table 2. Properties of the Complete (HO), (n = 6, 10, 12) Clustef

d; hy hy hs rglo rié% w1 P2 EE%TD EE%TD/ n EE%TD/ m Ex Eac Ebind Etings
ideal exp 260 0.92 275 092 275 275 125 125 —-11
(H.0)y MP2 2.60 0.70 2.68 101.7 —48.822 —8.137 —-8.137 —-36.15 —-11.15
(H20).,o DFT 2.61 0.64 293 0.97 2.69 102.6 —88.945 —-8.894 —-7.412 -—75.19 —-12.14 -20.34
(H.0);, DFT 260 0.70 296 0.67 2.69 271 106.4 110.8121.658 —10.138 —8.111 —96.95 —21.53 —19.99 -15.27
(H0)s MP2 270 0.44 2.74 90.8 —49.667 —8.278 —8.278 —38.42 —9.86 —18.20
(H20),0 DFT 2.70 0.33 291 0.87 2.70 88.5 —89.188 —8.919 —-7.433 -76.64 —11.01 —20.28

(H:0).. DFT 265 0.60 295 0.67 272 272 1024 1116121.718 —10.142 —8.114 —97.85 —20.74 —19.95 —15.09

a Al distances @, hy, hy, hs, 19, rée) in are A, all anglesds, B2) are in degrees, and all energieg({, Egnn/n, Egiup/M, Ezc, Esc, Esino, Eingd)
are in kcal/moln, number of water molecules), number of hydrogen bondé‘;'o, oxygen-oxygen distance in the bilayer hexagof, oxygen-
oxygen distance in the ice hexagan.number of molecules anah, number of hydrogen bonds, ideal: parameters calculated assuming an ideal
tetrahedral configuration for water and checked with ref 63, and the experimental valiygdisithe averaged value from the 44 to 48 kJ/mol published
by Thiel and Madey.Data for (HO)s taken from ref 7.

hydrogen atoms of layer IV water molecules penetrated the ice average oxygenoxygen separations of 2.7 ®,2.79 A (anti-
hexagon; consequently, the number of hydrogen bonds betweerferroelectric), and 2.84 A (ferroelectri.

both bilayers doubled. This movement was not observed during  The binding energfior, of the water clusters increases with
the geometry optimization of (#D);2 or during the simulations  sjze, and a similar effect can be observed in the total bonding
of the |Ce|h(0001) surface by Van Hove et éPWhO I’epOI’ted energy per water molecu@ﬁ\lTD/n, wheren equa|s the number
afull bilayel’tel'mination ofthe CI’yStaI. The simulations of surface of water molecules in the cluster (Tab|e 2) The Optimized values
melting on ice crystals published by Kréeslo not provide of EZOT /n for (H,0)s (MP2, —8.3 kcal/mol) and (HO):0 (DFT,
evidence for the formation of a sandwich structure, whereas —8.9 kcal/mol) are very much alike compared to the one for
structures akin to the sandwich structure have been observed iny,0),, (DFT, —10.1 kcal/mol). Kim et af5¢ reported a
simulations by Tanaka, Koga, Zangi, and M&fk3° The energy saturation ofE,CT/n for n = 6 in 2D and forn = 10 in 3D

difference between the ferroelectric conformation and the TOT N
. . tructures. Th n values suggest that th itional water
sandwich structure is about 0.1 kcal/mol per water mole€ule, structures. Thégp/n values suggest that the additio €

and it may be possible that the observation of a ferroeleetric molecules stabilize (b0):2much stronger than they do {8).o

sandwich transition or its absence is caused by either the (:ho:ser;rable 2 also displays the strength of an average hydrogen bond

. TOT
water—water interaction potential or the computational setup of \év't(;]rlg fghnebgLu dssfe\:vfl?éNhD{r:T(]jixvaHg;‘etk?; tfﬁg:{/se::ee Eucr?rge:anol];on d
the water layers. Th€; symmetry constraint in the construction iny H %) is no’t exceptional strona but thatg i 2{/6) gis
of (H.O)2 prevents lateral motions of the ice hexagon as observed 212 P 9 10

in neutron scattering experimefftand simulation® and prevents exceptional weak. The multlcenter.en.ergy analysis ol
the complete loss of any structure in the first two bilayers as showed that the hydrogen _bo_nds linking both water he’?agons
reported by Nutt and Stoffin their study of ice nucleation. are weal_<erthan th? bonds within the hexagons._Such ananisotropy
] ) L in bonding energies can also be observed in the mechanical
Three types of hyd.rogen bonds are listed in Tgble% IS properties of ic®-%8because the critical resolved shear stress for
the oxygen-oxygen distance of a hydrogen bond in the bilayer 3 nonbasal slip is at least 60 times larger than that for a basal

ice

hexagonr g is the oxyger-oxygen distance in the ice hexagon,  sjip in an ice single crystal.
andh; is distance between the planes of oxygen atoms inlayers  \yater desorption from icelike layers of water on hexagonal

Il and III. g, andr g are equal at the global minimum whereas  surfaces can be observed in TPD spectra as a peak with its
the value oh; is always larger than those two. Small differences  maximum between 150 and 160%KThe corresponding values

in the length of hydrogen bonds along thexis of thel, ice of the heats of sublimation lie between 10.5 and 11.5 kcal/mol
crystal and within the hexagons at the crystals basal plane haveregardiess of the chosen metal surface, which correspond to the
been reported by Nield et & This difference (at most 0.03 A)  strength of two hydrogen bonds and are therefore significantly
is much smaller than the differences observed here, which maysmaller than the bonding energy of the water molecule at the top
be attributed to the limited size of the cluster model. of the (H,O)yo cluster.

The good agreement of the oxygeoxygen distance in the The surface-independent peak in ITD experiments seems to
quantum calculations at the global minimum (2.74, 2.70, and originate from amorphous solid water whereas the number of
2.72 A) with the experimental value (2.73 to 2.77%Rand the water layers on the surface necessary to observe bulk behavior
ideal one of 2.75 A seems to be fortunate because hydrogen bonchas been described as strongly surface-deper#ent.
lengths are very sensitive to the chosen computational method. Both experiments, TPD and ITD, conclude with contradicting
Li et al % reported a value of 2.56 A in their quantum chemical descriptions of ice formation on a hexagonal metal surface. The
study ofl, ice, whereas molecular mechanics simulations report discrepancy between both observations may be explained by
differences in ice preparation, as suggested in the Introduction.
(55) Materer, N.; Starke, U.; Barbieri, A.; Van Hove, M. A.; Somorjai, G. A.; The preparation of ice on a hexagonal platinum surface reported

Kroes, G.-J.; Minot, CJ. Phys. Chem1995 99, 6267-6269. F i 7 i
(56) Kroes, G.-J5urf. 511092 275 365382, by Somorjai et af’ included an annealing procedure at 140 K.

(57) Koga, K.; Zeng, X. C.; Tanaka, IRhys. Re. Lett.1997, 79, 5262-5265.

(58) Tanaka, H.; Yamamoto, R.; Koga, K.; Zeng, X. Chem. Phys. Lett. (64) Sciotino, F.; Corongiu, Gl. Chem. Phys1993 98, 5694-5700.
1999 304, 378-384. (65) Lee, H. M.; Suh, S. B.; Lee, J. Y.; Tarakeshwar, P.; Kim, KI.8&Chem.
(59) Zangi, R.; Mark, A. EJ. Chem. Phys2003 119, 1694-1700. Phys.200Q 112, 9759-9772.
(60) Nield, V. M.; Whitworth, R. W.J. Phys.: Condens. Mattet995 7, (66) Lee, H. M.; Suh, S. B.; Lee, J. Y.; Tarakeshwar, P.; Kim, KI.&hem.
8259-8271. Phys.2001, 114, 3343.
(61) Brodholt, J.; Sampoli, M.; Vallauri, RMol. Phys.1995 85, 81—90. (67) Schulson, E. MIOM1999 51, 21—27. http://www.tms.org/pub/journals/
(62) Nutt, D. R.; Stone, A. J.angmuir2004 20, 8715-8720. JOM/9902/Schulson-9902.html.
(63) Morrisaon, I.; Li, J.-C.; Jenkins, S.; Xantheas, S. S.; Payne, Nl.Rhys. (68) Duval, P.; Ashby, M. F.; Anderman,J. Chem. Physl983 87, 4066~

Chem. B1997, 101, 6146-6150. 4074.
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Awater dosage of 20 langmuirs created anice layer thick enoughhydrogen bonds will be formed that can stabilize the ice layer.
to block electron diffraction from the substrate, and the authors It is therefore possible that three or more bilayers of water
observed a sharp LEED pattern of3 x +/3)R3Q structure. molecules are necessary to observe bulk properties in the ice
The unit vector of this structure is 4.8 A, which relates to a value film. Below this critical number of layers, the lateral strains can
of 2.77 A fordy. This d; value is significantly larger than that  disrupt the ice film, and water clusters or smaller ice domains
observed inl, ice (2.61 A) or that observed in the optimized  will be formed from the ice film. Very slow growth conditions
(H.O)12cluster (2.65 A) but corresponds to a platingpiatinum as used by Somorijai et &lin their preparation may prevent this
separation of 2.775 A2 These data suggest that the lattice spacing disruption and thereby the formation of amorphous solid water
on the platinum surface is maintained in the ice crystal and because the water molecules can move to their crystallographic
supports the idea of a strong surface dependence on icesites. Further evidence for the necessity of careful preparation
crystallization. is given by the simulations of Batista anchdson, who showed
The values of the hydrogen bond lengths in the bilayer and thatthe new water molecules will add first to noncrystallographic
inthe ice hexagorrg'o, ri(g%) are similar ford, = 2.65 A (Figure sites and these structures transform later into ice.
3c), and the lateral strain in the ice hexagon should therefore be  The critical number of ice films to shield effectively surface
small ford; ~ 2.6 A. Ford, = 2.75 A, 1% equals 2.78 A, and  effectsislikely to be close to five as suggested by the experiments

: (e]e] . ..
e aquals 2.72 A. It is possible to calculate from the hydrogen Of Somorjat* and Georgé® Somorjai et af* reported another

r
b%?]d length (oo) and the height of the clustend) the value of cqreful prepqration ofan ice layer on Pt(111) at high temperatures
d; for that virtual surface that represents the best geometrical fit With an additional annealing treatment. The reported TPD spectra
to the water hexagon under observation. This calculation yields Suggestthatbulk behaviorinthe ice peak (162 K) can be observed
a value of 2.63 A for the hypothetical surface under the ice ffom @& surface coverage of approximately five bilayers. The
hexagon, which should be compared with 2.75 A for the bilayer S&me number of layers has been reported by George et al. from
hexagon and 2.6 A observed in an ideal ice crystal. ITD experiments of very smooth water films on Ru(001).

The analysis of the (4D):2 cluster showed that the geometry ~ 1he @ssumption of five monollayers is further supported by
of the ice hexagon is hardly affected by the virtual surface. A molec_ular dynamlc_s simulatioffs’of thg ice-water interface. .
mismatch of 4.3% in the values fdg of the bilayer and the ice The bilayer peaks in the oxygen density profiles along the ice

hexagon could be the source of strong lateral strains in the ice€ XIS show typical fine structure that reflects the height of a

hexagon. These strains are not compensated for in our surfacé’ilalyer (v andhg in our mode_l). If this fine structure is chosen
model by interactions normal to the virtual surface as indicated 25 @ measure of the bilayer's ice character, then these results also

by the floating structure but can be released by domain and/orsuggest that bulk character is restored with the fifth bilayer as
cluster formation observed on metal surfaces.

. All of these results suggest that the critical number of water
Cluster formation on Pt(111) from low water coverage of up . :
to four bilayers has been analyzed by Ogasawara ¥t A layers is dominated by the hydrogen bond network and only to

inspection of their TPD spectra suggests that the maximum of a small extent by the surface underneath as observed here in the

the ice peak (155 K) would not change with the deposition of floating of the ice hexagon.

more water layers, which would suggest bulk behavior although 6. Conclusions

the water has been deposited at 84 K. For water coverages smaller . .

than four bilayers, Ogasawara et'akeport the formation of The calgulauons on (¥D)10and (HO)2 on the V|.rtual met‘?" .
water clusters and small icebergs on the surface. The dependenc@lgtf:feclvvgpe rrsespreoct 'tr? thoeng:gmg;gl at??acgfrgt'faé tb?gdéﬂ% n
of the formation of the initial bilayer on the surface lattice constant w Y growing « \aeal bliay uctu W
has been discussed elsewh®end the movement of water detachment from geometrical strains in the bilayer water hexagon

molecules on the basal plane lgfice has been examined by directly attached to the metal s.u.rf'ace.. The additional Wa}ter
Batista and Josson’ structures seem to float on the |n|t|al_ bilayer hexagon, Whlc_h
Batista and Jasson showed that a single water molecule tries agrees \.N'th the _observed surface mdependence of the ice
. ; sublimation peak in TDS spectra. As a result of this detachment,
to build up to three hydrogen bonds with surface water molecules, the bilayer hexagon and the ice hexagon have different diameters
WhiCh allows the ad-mo[ecule to occupy noncrystallographic which can be a source of lateral strain in the ice layers. These,
f’gf:é Zirt]:srsgg/rtsStvk\)/gfrllngsez(zr?clieiSatZ tl?((:aalr/nn?csnlt fv?/\rﬂzrraezls t?]f straing are absent in the water bilayer, wh_ich can be repr(_asented
calculations on (O)xo predic;,t the borid o be sii;nificantly eoy an isolated (kKO)s cluster because the diameter of the bilayer
stronger (19.8 to 20.3 kcalimol, Figure 5). The valuesko hexagon fo_IIOV\_/s that of the surface hexagon. The emergence of
does not chénge ml:ICIAEBIND _ 0.35 kcal)mol) for 2.5 A< Iateral_stralns in the secon_d bilayer may be the reason for the
dy = 3.0 A. The ability of hexagonal hydrogen bond networks formation of amorphous solid water on hexagonal metal surfaces.
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The observed detachment of the additional water structures ) ) ) _ _
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