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Adsorption of water on MgO(100): A singular behavior
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Interaction-potential minimization and molecular-dynamics simulations show that a perfectld@Qur-
face accomodates very stable flat water monolayers differing only by the mutual orientations of the molecules
above the cations, without evidence for significant hydrogen bonding with the substrate and betwegd the H
molecules. Increasing coverage leads to the occurrence of an upper solid versus liquidlike structure not hy-
drogen bonded to the stable monolayer, which tends to tear up at 300 K. These results are in good agreement
with recent experimental datgS0163-182@08)03620-0

The fascinating field of water adsorption on various sub-the latter should be stable at a larger water density than the
strates, of fundamental interest for scientistms gained in monolayer as a result of the increasing influence of the lat-
addition a revival of activity this past decade with the devel-eral interactions. _
opment of surface technology to determine the conditions The aim of this paper is to show that the cle@®0)
that favor physisorption vs chemisorption of molecular waterSUrface of MgO behaves as a singular substrate for water
or dissociatior?. The role of defects in initiating the dissocia- 2dSOrPtion since the distanag(a=2.98 A) between oxygen
tion of water has been shown to proc&édia a complicated (magnesiumsites is close to the oxygen-oxygen distadge

h iolving. for | MaO bal ._between hydrogen bonded molecules (Z67%<2.90 A).
pathway Implying, for instance, on MgO, energy balance ™Mhis small mismatch should favor the formation of stable

the hydroxyl formation. Aside from dissociation, water is grgered 2D layers, in contrast to thezprevious situations. Re-
generally known to adsorb molecularly on clean metals ogent experiments includingLEED),”* HAS?® and IR

dielectrics, at least below 300 K. For instance, recent scarspectroscopy’ agree that water forms a very stahié3

ning tunneling microscopy studie$iave demonstrated the X 2) phase with molecular density around 6—8 per unit cell
development of ordered two-dimension{@D) ice layers of and a denser phase containing 12—16 molecules which dis-
water on Pfl11) and stable bilayer phases around 130 Kappears af>180 K due to partial water desorption. The
were deducetfrom helium atom scatteringHAS) experi- s_pectroscopic signature o_f these two pha}ses is very different
ments. The scenario generally admitted, proposed on the bgince the dense phase gives broad IR lines whereas the IR
sis of molecular-dynamics simulatiohss that water forms ~Pands of the other phase are quite narrow and less shifted.
icelike hexagonal structures with the oxygens bound to PMoIecular-d)/namms (MD) and Monte Carlo (MC)

atoms while the second layer is hydrogen bonded to the ﬁr%mulatlon§ revealed at 0K a densely packed first layer

2 : ith water molecules aligneet17° and+30° with respect to
layer and, beyond, transition to the bulk behavior occursie gy rface plane while the other layers appear more diffuse
Similar conclusions were drawn for other mefald with,

; ’ and become more liquidlike.
however, some differences depending on the substrate geom- Ty,o species of complementary calculations have been
etry and electronic properties, and still more complex resultgerformed here to study the structure of water on Nigi).
were obtained on semiconductors regarding the fact that wagirst, an energy minimization procedutEM) based on a
ter dissociates or molecularly adsors!® numerical conjugate-gradient approadhOaK is applied to
Water adsorption on ionic/partially ionic crystals is char- commensuratenix n) phases ifi andn integers of a mono-
acterized by the presence of strong electrostatic surface fieldayer containing one molecule per Mg site after it was dem-
and field gradients which can compete with the lateral bindonstrated that larger and smaller coverages are energetically
ing between HO molecules and could create a favorablemuch less favorable. Then finite-temperature calculations are
situation for the formation of stable 2D layers. Helium scat-conducted using MD simulations for an increasing number
tering experiments on UHV cleaved G#Fll) surface of molecules inside a squared 12a simulation patch, i.e.,
showed the occurrence of @4Xx4) phase that was inter- from 144 molecules for the monolayer up to 400 molecules
preted in terms of the formation of water hexam®rs'On  for the multilayering. The substrate and the molecules are
NacCl(100), infrared spectroscopy and low-energy electronassumed to be rigid.
diffraction (LEED) data®'° concluded to the presence of an  The interaction potential between the water molecules is
ordered quasihexagonal(4x2) bilayer structure and he- represented by the TIPS2 potenfialyhich has proven to be
lium scattering daf® led to the formation of g1x1) con-  very efficient in describing the behavior of liquid water and
densed phase for which nearest-neighbor water moleculése. The interaction between water and the substrate is the
are relatively far apart3.96 A) in the range 80-160 K. Pe- sum of electrostatic and semiempirical dispersion-repulsion
riodic Hartree-Fock and semiempirical calculatiofis®®  contributions?® which appear to give a good compromise
showed that thg1x1) monolayer and th€4x2) bilayer  between accuracy and tractability in MD. The equilibrium
phases have a similar binding energy per molecule, and thabnfiguration of a single 0 admolecule is above the cation
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T=200 K molecular orientations. Nevertheless, MD results indicate
that the (3X2) phase appears to be the most stable above

.“"" o 200 K with an energy per molecule equal t6851 meV,

[ o8 : .
! "."‘..“‘. instead of th€1x1) geometry found in the EM procedure at
.“‘"ﬁ‘o"‘“" 0 K (Fig. 1). Then, keeping the same 42 12a patch, we
5l b S0kl ol % ol Tl - 135 increase the number of water molecules in the simulation
BEESE AR EER AP fas box by considering two hexagonal bilayers containing 256
o2 50 B0 b0 80 1 208040 ko -5 ¢ molecules and having the ice structiiras the starting con-
'..‘..‘.".:‘.:‘."..‘."".".".' : [ 130 figuration. Results at 150 K as at 300 K lead to the formation
=2===~==5=== 000001 002 of a neat monolayer in which 2212=144 water molecules
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FIG. 1. Front view and bottom view of th€X2) monolayer RS @ .
structure at 200 K. The large square represents the simulation patch ¢ %1 Bpib* .
while the small squares define the unit cell of M@00. Black L £ g J .
. . ) £ Yo it g
circles are Mg atoms of this substrate, gray circles and empty o O ) o
circles correspond to oxygen and hydrogen atoms, respectively. Up- & ;q = .
per right: distributionp(¢) of the orientationg of the water mo- %1l Y] ole .

lecular symmetry axis in the plane parallel to the surface. Bottom
right: distribution functionp(z) of the molecule-surface distanze

=

site with the molecular plane parallel to the surface and the
hydrogen pointing nearly toward the adjacent Mg ions, i.e.,

z{A)

L N

leading to four equivalent orientations for the H atoms. This =~ = " * * *°*°***** % o om
configuration is consistent with periodic Hartree-Fock (a) pez)
result$® while in the Car-Parinello approatbne hydrogen

forms a bond with an oxygen of the surface and the other H T=300 K

stands upright. Both approaches concluded that water binds
to the surface without appreciable charge transfer. | o8
The EM procedure applied to the complete water mono- L® Qo“;
layer (each Mg site occupied in averggehows that several
low commensurate phasem¥n) have an adsorption en-
ergy per molecule ranging betweer940 meV and &
—910 meV. The experimental value of the isosteric heat of
adsorption is 88522 meV atT=200 K.?*The(1x1) phase 2
with one molecule per Mg site having the same configuration 3
and the same holding energy as the single admolecule is the
most stable at 0 K. The lateral energy represents about 40% ©
of the total potential, i.e., 385 meVexperimental value P
365+100 me\. All attempts for finding more stable con-
figurations with successive integer valuesnof= 1, ...,9
andn (=1, ... ,9 failed since increasing the size of the unit
cell led to slightly less stable structures differing by the mu-
tual orientations of adjacent.® molecules in a plane par-
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allel to the surface(Fig. 1). Calculations performed with e ey S
more elaborated potential forngeigher electrostatic contri- 000 004 008
butions or polarizable water approacted to the same (®) Pl
; 9
conclusions. FIG. 2. Monolayer plus upper structures at 150aKand 300 K

The MD calculations have been performed first for one,) Top view: only the geometry of the upper structure is repre-
complete monolayer at various temperatui®s0, 200, and  gented, since the geometry of the monolayer is similar to that shown
300 K). At any of these temperaturéess than 300 Kwe iy Fig. 1. The side viewsbottom and right viewsinclude the
start the simulation from an initial ngxXn) structure  geometry of the monolayer and upper structure water molecules.
(m=1,2,3 anch=1,2). The structure obtained in the thermal Bottom right: distribution functionp(z) of the molecule-surface
equilibrium regime remains the initial structure due to thedistance. Note the flat structure of the monolayer for the two tem-
strong barrier that prevents the mutual reorganization of theeratures.
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participate in a mixing of1x1), (2X1), and(3X2) phases, tain a peak in the distributiod, centered around 2.0 A for
while the 112 remaining molecules that do not participate tdhe monolayer while the peak maximum for the upper layers
the formation of the monolayer are more or less orderedccurs at 1.86 A at 150 K and 1.89 A at 300 K. The first
above the first layer. This feature shows that the adsorptiomalue is consistent with the commensurate structure for
on MgO is able to destroy the initial ice structure and to formwhich the Mg sites at a mutual distance of 2.98 A are occu-
a very stable flat monolayer, as shown by the very narrowpied by the water oxygens and the H . G, distance is equal
distribution of the layer-substrate distarj€ég. 2@)] and the ~ to 2.98-0.96 A=2.02 A, yielding no clear hydrogen bond-
distribution peaks for the water orientation in the plane paring; the second value corresponds rather to the solid vs lig-
allel to the surface. uidlike structure yielding significant hydrogen bonds. From
In order to test the stability of the adsorbate, we form atthe examination of the correlation diagram between the O-H
T=150 K the stablé3x2) monolayer structure and deposit _stretchln_g frequgncy shift and bandegith and fche correspond-
on it a bilayer having the hexagonal ice structure in the simui"d do distancé* we expect no significant shift and broad--
lation box. No change is observed for the stable monolayef"ing Of the peak associated to the water stretching mode in
and only small distortions of the bilayer can be detected irf"€ (3*2) monolayer since the mean valuedy is 2.98 A.
various snapshotéot presented heyrelncreasingT up to By contrast, fo_r the upper structure, the degreased@f
300 K shows that the monolayer remains very stable Wherea£§0~2'7_6 A) gives a redshift of about 200 cm and a
the bilayer tends to tear up and to evolve toward a 3D struc2roadening that can reach 100 chrfor the upper structures.
ture [Fig. 2(b)]. Adding more water molecules does not Th|.s res'ult is in close qualltlve agregrlnent with the IR déta,
change the results, indicating that the monolayer clearlyhich display a ?Ta" shift{ 50 cm ) and a narrow pro-
forms an entity with the substrate although it is not hydroger{il€ (~5—10 cm™) of the signals connecfeld to the mono-
bonded to MgO, while the other molecules that do not bel@yer and a mucrjllarger line shift(250 cm ) and broad-
long to the monolayer tend to arrange themselves in a soli§ning (~200 cm 7) for the dense phase.
vs liquidlike structure. The distribution functidifFigs. 2a) To conclude, we have shown that water forms a well-
and 2b)] of the molecule-surface distances for this mono-ordered and very stablé3x2) first layer on the clean
layer + bilayer system clearly shows the stability of the first MGO(100 surface. The layer/substrate and intralayer inter-
layer and the broadening characteristic of the formation of £ctions are mainly electrostatic, without evidence of hydro-
3D-like structure. Note that this 3D-like structure is not hy- 9N bonding, implying charge transfer. Although the energy
drogen bonded to the first layer as shown in the side viewW®" molecule is typically around 0.9 eV, it is a physisorption
[Fig. 2(b)]. process. Above this layer, water has a structure that looks
The diffusion coefficienD of the water molecules calcu- ke the 3D solid or liquid phases depending on temperature.
lated in the monolayer and 3D phase characterizes the md-NiS Upper structure displays hydrogen bonds but it is not H
bility of the molecules in these layers. For the monolayer, thé?0nded to the first layer and it appears much more sensitive
value ofD along the two directions andy does not change to a temperature increase. This beha\(lor can be interpreted as
significantly when T rises from 200 to 300 K @& c_oatlng (_)1_‘ the MgO surface by a first water layer, ab.ove
(D=4x10"° cm? s~1) while the value oD for the upper which additional water molecules tend to_self-arrange in a
structure increases from 4.0 cn? s ! at 150 K to hexagonal structure. As far as we know, it is the first sub-
9.0x10°5 cn? st at 300 K. Note for comparison the strate that, from a_physisorption process, can display such a
value of D for liquid water at 300 K equal to stable monolayer in very good reglgtry with the surface be-
3x10°% cn? s ! (Ref. 32 which indicates that the mono- fore hexagonal structures grow at h|gheJO-Ic0verage. In-
layer is “frozen” by the substrate whatever the temperaturedeed' for most of the other substrates, the adsorption clearly
and that the upper structure at 300 K has a behavior intef2roceeds directly from a quasl-ice-iike geometry. Further
mediate between liquid and solid water due to its interactio nalyses are neverth_e_less required to understand how these
mainly with the monolayer. resul'ts coqld be modified by the presence of ggrface defects,
Last, we calculate the strength of the hydrogen bond peconsideration of substrate dyn_amlcs, the flexibility of the wa-
tween water molecules in the monolayer and in the uppefe’ Molecules, and the potential accuracy.

layers by determining the distributiody of the distance We acknowledge R.M. Lynden-Bell for fruitful discus-
H; ... Q inthe bond @H; ... O connected to two adjacent sions and V. Buch for giving us the initial molecular con-
moleculesi andj and of the angle@;H;, H;O;). We ob- figurations in ice.
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