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Formation and dynamics of water clusters on Ru  (001)
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The adsorption kinetics of water on R®1) was simulated using molecular dynamid4D) and
equilibrium-model approach. The results nicely reproduce observations from STM imaging, work
function change, and IR measurements. The agreement with experimental results is based on the
formation of stable clusters already at very low surface coverage and temperature. Tetramers are
predicted to be relatively stable compared to smaller and larger clusters. The dipole moment per
water molecule continuously decreases from 2.2D for the monomer down to 1.1D for pentamer and
larger clusters. Dimers are found to diffuse faster than monomers or larger clusters, with activation
energy for diffusion of 2.9 kcal/mol, in agreement with recent STM measurements. A unique
mechanism for dimers diffusion is proposed. Temperature programmed desdif@Dh spectra

from a metal surface were calculated by employing the MD scheme. These spectra were found
identical to the standard Redhead line-shape analysis of the experimental TPD spectra of water from
Pt(111) and Ry{001), an observation that was used to verify the consistency of the MD procedure.
Finally, a kinetic model, fed by the MD calculated decreasing dipole moments per water molecule
at larger clusters, explains well the highly nonlinear initial staggs to 0.35BL) of the work
function change data determined experimentally. 2@03 American Institute of Physics.
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I. INTRODUCTION ciate. On the other hand, recent Df€alculations suggested
that water interaction on R001) can be described via dis-
The adsorption and interaction of water on surfaces hasociation of 50% of the adsorbed bilayer.
been at the focus of interest for decad@®New phenomena, While very extensive literature is available on gaseous
however, keep emerging due to improved experimentalater clusters/ ?2the information regarding adsorbed clus-
tools’"® which lead to better understanding of previously re-ters is much more limiteé® Mitsui et al. have studied the
ported observationsThe interaction and kinetics of water formation of water clusters on PHL1) by STM, and pro-
adsorption and desorption on ®01) and Pt111) are rela- duced movies demonstrating their surface mobfitycyclic
tively well understood since these systems received particyH,0)g, the basic building block of;, ice, was observet®
lar attention. The first water layers form a hexagonal bilayeNakamura etal. have studied KO/Ru(001) and
(BL) structure on hexagonal metallic surfaddsllowing the ~ H,0O/Pt(111¥ by infrared spectroscopy, claiming that mono-
Bernal—Fowler—Paulinid**rules for ice layer formation. Ice mers and tetramers are the most stable clusters on ruthenium
structure dictates that the second layer oxygen atoms shoulit low coverage$.Helium scattering studiéssuggest the
reside 0.96 A above the first. However, careful IV-low en-dominance of dimers and trimers on(Pt1) below 100 K.
ergy electron diffraction measuremelits® have led to the
conclusion that the second,& layer is only 0.1 A above the !l RESULTS AND DISCUSSION
first layer (flattening is most likely due to interaction of the In Sec. Il A we shall introduce the molecular dynamics
second layer with the mefalAnother conclusion was that (MD) simulations as a model to describe the growth of water
while D,O forms a perfect bilayer structure,,& forms  molecules via cluster formation on top of metallic substrates.
striped domains on the surface. Temperature programmedomparison of MD-TPD, performed here for the first time,
desorption(TPD) spectra of HO and B,O from RU001)  to standard Redhead-type line-shape analysis of experimen-
reveal a unique isotope effect. While fop® two peaks are tal TPD is then used to verify the validity of this theoretical
present at 185 KA,) and 215 K @;), the second peak is tool in order to describe the water—metal system. The com-
practically nonexistent in the f spectrd® Whether these puted dipole moments per water molecule in the different
two isotope effects are correlated is still not fully resolved.clusters are then utilized as an input in a kinetic ma&elc.
Another factor that needs to be considered j©Hand DO  1I1B) that describes the experimental work function change
dissociation on the surface. TPD studies suggest that abodata versus coverage.
10% (surface quality dependernf the first BL of H,O dis-

. . . A. Molecular dynamics simulations
sociate upon heating to 200 % but D,O does not disso- ! y 1cs simuiatt

Molecular dynamics simulations, based on model poten-
tial energy surfaces, were conducted in order to follow the

dAlso at The Farkas Center for Light Induced Processes.

bAlso at The Fritz Haber Center for Molecular Dynamics. initial adsorption, cluster'ing, diffusion, angl desorption of wa-
®Electronic mail: asscher@fh.huiji.ac.il ter molecules from platinum and ruthenium surfaces. After
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an introduction of the model potential energy surfaces, weDipole Egat [keal/mol] AE [kcal/mol]
shall demonstrate the results of the MD simulations in deter-M5% P! ¢, Py P P 251
mining structure, stability, and the dynamical behavior of the
adsorbed water clusters. In addition, dimers’ diffusion— o
activation energy determination and their unique diffusion 396 4500 ? 26 * 675
mechanism—will be presented. Finally, TPD spectra were
s_imulated and Co_mpared with staljdard expe_rimental TPC , o 6150 g v 450
line-shape analysis, as a way to verify the validity of our MD
procedure. MD simulations were recently empldifetb 139
study the growth of ice multilayers on a R@1)-like sur- 8 480 #‘ ' 38
face, suggesting a unique packing geometry of the first four
bilayers?* 5.52 7129 & e g P 3.88
1. Model potentials and computational procedure

Water molecules were treated as rigid species. This is 653 9639 Q ” & * 719

reasonable since non-dissociative molecular dynamics is of

main interest. The interaction between water molecules wa§'G: 1. The average effective dipoles and potential energies of the most
lculated . the TIP4P t ﬁalTh t | | stable configurations of water clusters on(@0), as found by MD. On the

Calculate U_S'.ng € poten e _Wa %2 mo ecg €s right are the calculated E values needed to reduce the size of a cluster by

were kept rigid by thesHAKE/Verlet algorithm?® Potential 1 water molecule. Note that the dipole moment of a monomer B 2s2e

cutoff was set at a distance of 14 A. The time step was 0.968ig. 2.

fs in all the MD runs. The metallic surface potential was

adopted from a potential devised by Raghaeaal?’ In this o
potential the metal surface is represented as an effective eX€ MD results are shown in Fig. 2. As suggested by the

ternal periodic field, not as individual atoms. This reducesSXPerimental daté_,the clustered water molecules are found
computation time considerably. This potential was originallyPy the MD simulations to be tilted with respect to the surface
developed for R111).27 We have modified it to represent normal thus lowering their effective dipole as the cluster size
RU(001) by changing its lattice constant from 2.77 to 2.71 A, @ncreases, up to a hexamer in our simulations. The monomer
and by increasing the binding energy of water to the subi" Our stl217d_y adsorbs near perpendlcglar to the surface on
strate by 25%. This difference reflects the experimental dat@verage:*’in Cg‘traSt to other calculations that suggested a
for H,O on Pt111) and R§002).% In order to test the validity ~filted monomer. . . _

of this modification we have used the MD scheme to simu- 1 he calculated potenpal energies of thg clusters.prowde
late TPD from the two surfaces, as described in the follow2 réasonable explanation for the relative stability of
ing. Heating of adsorbed molecules is achieved by randoml;tzetrameré- The extra stability does not arise from the low
distributing velocities among the atoms, and then repeated|§n€rgy of the tetramer itself, since all the clusters up to hex-
running trajectories for 0.1-1 pgo allow for structural re- &Mers, improve stabilization with the cluster s{geeAE in

laxation and rescaling the velocities to fit the desired tem-F19- 1). Formation of a tetramer, however, is the least ener-
perature, as defined by the average kinetic energy of thgetic step in the clustering reaction pathway toward hexamer,
molecules. the building block of a bilayer. A pentamer is most likely

formed by adding a monomer to a square tetrataegain of

2. Clusters formation and stability 1.39 kcal/mo), followed by ring opening and formation of a

The MD simulations based on the potentials described in
Sec. IIA1 were utilized in order to examine the formation
and relative stability of clusters on the metallic surfaces
tested here, Pt and Ru. The most energetically stable configt
rations of each of the clusters formed are presented in Fig. 1
It appears together with the corresponding calculated dipole® 801
moment for an entire cluster, its potential energy, and theS
energy difference AE) betweenN water molecules cluster Q 607
andN—1 cluster. Note that the monomer dipole moment is
2.2D (Fig. 2) and that its energy on the surface is 2.51 kcal/
mol higher than that of the dimer. The energies and dipoles
were obtained from averaged values over trajectories of 1(
ps, with a “structural snapshot” taken every 0.01 ps. The
runs were performed after arranging the molecules at prede
termined positions, and heating them to 80 K. One has ta
examine a major prediction of this work, namely that the _ _ _
arge clusters are composed of molecules characterized bygf, %, SIS0 e dbots per e omcue of et oustere

smaller dipole per molecule, therefore_ contributing 1€ss, Peps. inset: The average dipole per water molecle as a function of cluster
molecule, to the measured work function than small clusterssize.
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50 K. This was attributed to their stressed configuration due
HO), to mismatch with the surface’s lattice constant. The same
83 trend was found in our MD simulatiorf€.The diffusion ob-
0-41 el TTa——4 served with the STM over several seconds was at a surface
-5 [ temperature of 50 K, hence its rate was very slow, a move-
03] A / ment of a few lattice sites per second. In order to observe
A diffusion on the time scale of our simulations, we followed

0.2 ——o counted the number of jumps each cluster makes during a 3
./ \ ns run. These simulations were performed by placing 4
s o monomers/dimers as far apart as possible on the surface,
heating them to the desired temperature, and then snapshot-
imaging their motion at 10 ps intervals. Trajectories in which
-_— , molecules were hopping into contact were eliminated from
120 140 160 180 200 220 240 the final analysis. An Arrhenius plot of (lhops/$ versus 1/T
Termperature [K] is shown in Fig. 4. First we used the(Pt1) potential, since
t ‘ its unit cell is closer to the Rdl11) surface used in the STM
experiment$.An activation energy for diffusion of 4:20.6
kcal/mol was found for monomers, with a prefactor of
10'52:99Hz. Dimers hopped more rapidly on the surface
with Ea=2.8+0.2 kcal/mol and a prefactor of ™ %4Hz.
FIG. 3. The relative occurrencfesen{ Niota) Of tri-, tetra-, and pentamers This prefaCtor CorreSpon_dS to, a diffusion coefﬂqent of 0.05
vs temperature. The surface was covered with six water molecules during @n¥/s, assuming a hopping distance of one lattice constant.
run which was checked every 10 ps for 1.5 ns. Tetramers are the most stabhe activation energy for the diffusion of dimers is practi-
clusters at e;\ch temperaturi. Bel(;wz 'I\r/:glusion of a fgtg water molecule intoca”y the same as that reported by Mitstiial 2 for dimers on
a tetramer shown as snapshots of & MD run every 0.2 ps. Pd111), (2.9+0.2 kcal/mol. The difference in Ea between
monomers and dimers is also quite similar, but the prefactor
pentamer-pentagofa gain of 2.49 kcal/mol This pathway is an order of magnitude higher in our simulations.
is illustrated in Fig. 3, via 0.2 ps structural snapshots. These The way our metal lattice is represented via the potential
are the smallest energy gains among the cluster-forming reenergy surface is not useful for simulating complex elec-
actions, or in other words, the pentam@specially the tronic interactions. Its strength, however, is in its ability to
“square plus one form,” line 4 in Fig. )lis most likely to  predict effects that are primarily based on changes in the
undergo dissociation, since the energetic cost for its dissocidattice constant. It was claimed that the fast diffusion of
tion is small relative to all other clusters fragmentation reac-dimers on P¢l11) was due to a misfit between the lattice
tions. constant, 2.75 A, and the O—O distance typical for gas phase
As supporting evidence, we inferred the relative stabilitywater dimers of 2.96 A. In order to isolate the effect of the
of tetramers from a “dynamical” imaging during the cluster lattice, we changed the metal interaction potential by short-
formation process. In order to obtain such images, six wategning the lattice constant by 7% to 2.6 A, without changing
molecules were placed at random on the surfareequiva-  the interaction strength. We predict that the larger misfit with
lent coverage of 3% heated to different temperatures, andthe smaller lattice constant should increase the hopping
then snapshot imaged along trajectories of 15 ns, countingpeed. This was indeed the result of our MD simulation on
every 10 ps what cluster sizes were present on the surfacgych a hypothetical system, as shown in Figcitcles. The

The number of times each cluster was present on the surfaggtivation energy for diffusion is also significantly reduced in
(Npresent divided by the total number snapshotdlifa  this case to 0.20.1 kcal/mol.
=1500) results in the relative occurrence of each cluster  The simulations provide a detailed description of the

size. In order to accelerate the MD runs, we imposed high€fimers’ hopping mechanism. Figure 5 presents snapshots of
temperatures than those used in the experiment in order iQyera| successive configuration changes of a single dfmer.
increase the effective rates. Each of the trajectories was & gimer is composed of one hydrogen-donor water mol-

peated 10 times per given temperature. The average valugg io and one hydrogen-acceptor, according to the hydrogen
are shown in Fig. 3. The results reveal that for temperature§ 4 petween them. The two water molecules can switch
between 120 and 240, the tetramer is the most abundant clu '

|
— \ . . .
g " —*n trajectories at a higher temperature range, 110-180 K, and
¢
3

0.2 ps | 0.4 ps

Roles, as seen for example between frames 2 and 3 in Fig. 5,
ebl_Jt the molecule that hops to another surface sit@hvisys

This description offers a unique molecular level insight
into the diffusion mechanism of dimers and helps in under-
Water dimers were reported to diffuse much faster tharstanding the surprising result, reported experimenfatky

monomers on Rd11) employing low temperature STMat  garding the facile diffusion of dimers.

3. Dimer diffusion
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Monomers, Pt: Ea=4.2+0.6 kcal/mol \ \
Dimers, Pt: Ea=2.8+0.2 kcal/mol | ti_—— ———
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FIG. 4. An Arrhenius plot of hopping rate of monomers and dimers vs inverse temperaturd dh.®imers are plotted also for the case of &1R1) surface
that was modified to have a lattice constant of 2.6 A. The number of hops were counted during 2 ns runs. To the right: snapshots of a monomer and a dimer
at 180 K. The time between pictures is 200 ps. The dimer is hopping faster than the monomer.

4. MD-TPD —do/dT=(1/B)- 6-Aexd —Eged 6)/RT], )

The two metal surfacegPt and Ry were initially
covered by 1 BL of water, equivalent to 1030  where B is the heating rated the coverageT the surface
molecules/crh on the R001) surface. 180 water molecules temperatureA the first-order frequency factoEyesthe acti-
were included within the area used for the MD-TPD simula-vation energy for desorption, anfé is a linear correction
tions. The molecules were heated linearly at different heatingerm for E 4.5 due to interactions among neighbor adsorbates.
rates, while monitoring the decreasing coverage every 5 KThe agreement between the results of the MD simulation and
The temperature was readjusted every 0.1 ps during the hedhe theoretical line shape is very good and is shown in Fig.
ing ramp. We have excluded the energy contributed by thé&(b) by a dashed and dotted lines. The parameters used as
desorbing molecules to the overall temperature calculatiorinput for the line shape in the case of R01) were E e
since the goal was to simulate linear heating of the metallic=12.5 kcal/mol, A=1.1x 10*s™*, F=1.4 kcal/mol, and for
surface, as in real TPD experiment. Results of a single traPt(111) Eq.= 10 kcal/mol, A=5.5x10s 1, F=0.47 kcal/
jectory are presented in Fig(&. The average of ten such mol. Eg. values were set to their known values in the
trajectories at a heating rate oik1L.0'?K/s is shown in Fig. literature’
6(b). The extremely rapid heating rate used here was neces- The same MD-TPD simulation and desorption rate equa-
sary in order to keep a reasonable computational time for théons were repeated at a heating rate8ef5x 10'?K/s [Fig.
MD trajectories. The peak desorption rate from(@QL) is  6(c)] using the same parameters as above. The resulting
obtained at a higher temperature than the one frofh1B}, agreement remained the same, demonstrating the consistency

as expected experimentally. and relevance of the MD simulation. For comparison, a TPD
The TPD line shape of a typical first-order desorptionmeasurement at 2K/s is shown in Figcpwith the calcu-
spectrum is described by the following rate equation: lated line shape predicted by these parameters. The agree-
~ 1 e
I g S 1 e I N (s I g)
—> \ —> —> —> —> —>
1 2 3 4 5 6 7

FIG. 5. Snapshots of a dimer during hopping. The two water molecules can switch the donor—acceptorandled as $ Only the acceptor can jum@)
to a near surface site, while the donor remains stationary.
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MD-TPD of 1BL H,O HO 2 o10]----cimer
a. o_ol 2 $ 0.14
10—- Ru data g 0.121-
8. p=5x10"’ kisec 0.2 model 50
b 1 § 0.06+
)] 6'_ — 0.4 g 004
o 4 > | N 8 0.02]
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= __ <= ’ N " Total Water Covérage tBL] ’
o 0 — 1 < N
° 0.8 AR
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° b. 1.0- N
£ 4- _
3 - - 12 T T T T I\ 1
o V] v B=1x10"" kisec 0.0 0.1 0.2 03 0.4 05
c 2 H,O Coverage [BL]
2 14 FIG. 7. A® during adsorption of KO on RY(001) at 82 K (solid line, see
; 0 i Ref. 8 and the fit of our equilibrium modeldashedl The linearAd of
. . . VR CD,Cl/Ru(001) is shown for comparison. In the inset: the distribution of
e 4- 200 400 600 800 1000 1200 Watser molecules among clusters of sizes 1 to 6 as a function of total water
o Experimental - 12 coverage. i(X Ni is plotted VSN, See the text
a . 125 kisec Pt %, B=5x10" kisec ge- Nl p ol
3 - ' K C.
4 |
24 : highly nonlinear even at rather low coverages. This behavior
1_' ' has tentatively been associated with cluster formatitm.
] : this section we shall attempt to support this preliminary
0- — : A SN claim® by employing a simple kinetic model, assuming inter-
200 400 600 800 1000 1200 cluster two-dimensiona2D) “equilibrium” by utilizing the
Temperature [K] results from the above-described MD simulations.

The effective dipoleus, is defined as the vector com-
FIG. 6. MD-TPD of 180 water molecules, 1BL, on a surface of an equiva-ponent of the molecular dipole moment that is perpendicular
lent size of about 4840 A. (@) Nonaveraged, single MD-TPD ruiib) 4 the surface. This dipole contributes to the measured work

Average of 10 MD-TPD runs for Pt11) and R001) with a heating rate of . .
1Xx10'K/s. (c) Same agb) for a heating rate of % 10'*K/s. The dashed function change according to the Helmholtz expressiah

and dotted lines were calculated using the Arrhenius parameters mentioned — 47N et
in the text. The goal of our equilibrium model is to understand the

possible effect of clusters on the measured work function

with increasing coverage. The model is based on the follow-
ment of our MD results with experimental data and simula-ing assumptions, all were shown to be valid by the MD
tion indicate that a MD-TPD simulation with a lower heating simulations described ear”dra) A 2D “equ”ibrium” is es-
rate, larger surface area and including moving metal atomsgaplished between clusters of different sizes on the surface,
could provide a realistic description and deeper insight intthamely, a steady state density of each of the various cluster
desorption dynamics. Our scheme differs from previoussizes is assumedb) This equilibrium is reached much faster
studies}”*' where MD was employed to extract the activa- than the rate of adsorption, such that for every coverage there
tion energy for desorption and the frequency factor, fromjs a unique distribution of clusteré) Clusters up to hexam-

which a TPD curve could be calculatasing Eq.(1)]. ers are explicitly considered as contributing to the measured
work function change. In order to simplify the calculations
B. Two-dimensional equilibrium model and the model, larger clusters are represented by the forma-

. , tion of heptamersas seen in Fig. 2, clusters similar or larger

The nonlinear shape of the work function change)  han pentamers contribute practically the same effective di-
curve durlng the initial Water adsorptlon.on R01) at 82K pole moment (d) Each cluster sizéi) has a characteristic
(Fig. 7, sphd ling was previously gxplalned baSEd_On the effective dipole, depending on its geometric configuration,
hypothesis of water cluster formation upon adsorption W'thcontributing A, to the total measured work function
decreasing dipole moment per molecule at the IargeEhange.
clusters? The A¢(0) curve of water was compared to that of e coupled equilibrium equations that result from these
CD3Cl, since CRCI has an identical dipole moment to wa- assumptions are presented in E2). N, stands for the sur-
ter at both the gas phase and adsorbed ftatdRU(00D]. In ¢ density of a water cluster of size
contrast to adsorbed water, however, the methyl chloride <
molecules repel each other on the surface. This repulsion _1> 9
results in alinear decrease ofA¢ versus exposure at low N1+ Ny=No=Na= KN,
coverages, since all the molecules adsorb in a similar envi- Ka
ronment. In the case of water, thep adsorption curve is N+ N;=N3;=N3=K,N;N,, 2
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Ks They have used a steady-state approximation for the cover-
N3+N;=ZNs=N,=K3N;N;.... age of monomers, namely assumédl;/dt=0. This ap-
proximation is not, however, relevant within our model,

An important consequence of E@®) is that the reactions . thei diti the d tion t t
can be divided into two types: between similar species—smce €lr concitions were near the desorption temperature

monomers K;) and between a monomer and a clustes). ?fklce (|161 K&’ Wh"te ?‘g'gs IS too :O\C/i\(Ssz) igr desdorlptu;p tho.
Thus we seK;=K, for i>2. This distinction allows for a axe piace. Raszat al. - suggested a kinetic modet which 1

significant simplification of the equilibrium equations, al- (\r:]iﬁ\r%ersnt;je b¥h'ge\§tr:r'ﬁliegugejstg’?ﬁéﬂs:ﬁggeﬂoa% IE)C\]/\L/“':L?G;
though it is not necessarily fully correct. Adding up &l ) y P

. . ) IR absorbance of water on @01), predicting a strong de-
It Eq. the total t : . .
results in Bq(3), expressing the total water coverage pendence on the flux of adsorbing molecules. Their model,

Niota= N1+ 2N5+3N3+ 4N, +5N5+ 6Ng+ 7N+ however, failed to fit their own data, perhaps due to the irre-

_ 2 3 2, 14 3, o5 versibility assumption rather than equilibrium.

=N+ 2K N7+ 3K,KNT+4K5K N7+ 5K5K N3 We have measured th&d response at different pres-
+6KAK N8+ 7KK, N (3)  sures, resulting in an order of magnitude difference in flux,

but could not observe any change in thé versus coverage
Each of the cluster densitid§ is multiplied by its siz€(i) to curve on R(001) at 82 K.

get the total number of molecules on the surfad®gg -
This equation was numerically solved fdy for eachNgy - lIl. CONCLUSIONS
The larger cluster densities are readily obtained by inserting

N, into Eq.(2). The total work function change with increas- Structure and effective dipoles of small water clusters on
ing water coverage is given by Ru(001) were determined using MD simulations. A possible

explanation for the relative stability of tetramers at low cov-
erages was presented by analyzing the energies of the differ-
ent cluster sizes obtained from the MD simulations. High
abundance and stability of tetramers was obtained directly
The dipoles,u; leading to the contribution of each of the from the MD simulations of the water clusters at an effective
clusters Q ¢;) to the overall work function change, were coyerage of 3%. Fast diffusion of dimers measured by STM
independently obtained from the results of the MD simula-yas reproduced in our simulations. The activation energy for
tions (Sec. IlA2. The curve ofA ¢, c versus coverage was (jffusion of dimers was found to be 2.2 kcal/mol with a
fitted to the measured results, with oy andK, remain- prefactor of 1837*%4Hz. A 7% decrease in the lattice con-
ing as free parameters. The results are shown as the dashg@nt resulted in a 70% decrease in the activation energy for
line in Fig. 7. The fit is very good at low coverages, but giffusion, supporting the prediction of our model that the
clearly the model gradually deviates at coverages abovgiffusion is assisted by a mismatch between cluster structure
0.35BL since it is no longer correct to limit the clusters to 2D and the surface lattice distance. A novel diffusion mechanism
hexamers. Instead, water molecules start forming the hexsf dimers on metal surfaces has been proposed.

agonal bilayer network including multilayered three-  Finglly, the dipole moments extracted from the MD
dimensional islands. A similar limit on the existence of sepascheme, were utilized as input for an equilibrium model that
rate clusters, near 0.4BL coverage, was identified in th@jescribed the coverage dependent surface work function
IRAS analysi€ The “equilibrium” constants derived from change. This model fits thA¢ data up to a coverage of
our model following a best fit procedure to the experimentalp 358, predicting an order of magnitude larger equilibrium

— -1 _ -1 ..
data wereK,;=1.02BL ~ andK,=9.92BL . constant for association of water to form large clusters than
The insert of Fig. 7 sho_ws the res_ultmg dlstrlbl_,ltlon of_fOr the formation of dimers from monomers.
the water molecules populating the various cluster sizes. This
is shown as thg fract|or_1al coverage of water molecules of A CKNOWLEDGMENTS
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