
The role of hydrogen bonding in water-metal interationsAdrien Poissier, Sriram Ganeshan, and M. V. Fernández-Serra∗Physis and Astronomy Department and New York Center for Computational Sienes,Stony Brook University, Stony Brook, New York 11794-3800, USAI. SUPPLEMENTARY INFORMATION:ELECTROSTATIC INTERACTION BETWEEN AWATER MOLECULE AND AN IDEAL METALSURFACEIn this setion we study the role of eletrostati inter-ation between a single water moleule and an idealmetal surfae. Our aim is to understand how the wa-ter moleule orients itself under the onstraint of eletro-stati interation energy due to an in�nite metal surfae1.We alulate the eletrostati interation energy of thewater moleule on top of an in�nite metal surfae. Weemploy method of images of point harges2 to alulatethe eletrostati interation energy as a funtion of dif-ferent orientations of the moleule. For a set of threeharges we use a round up number, based on the watermoleule Mulliken atomi harges obtained with siesta(O=-1C,H=0.5C,H=0.5C). We de�ne the initial positionof the moleule to lie in Y-Z plane with Hydrogen atomsfaing up away from the image plane. We de�ne θ = 0 forthe initial position see Fig. I, this would be the so alledvertial on�guration in the main artile. θ = π/2 is thehorizontal position of the water moleule parallel to themetal surfae (alled �at in the main manusript). We ro-tate the water moleule about the Y-axis �xed at the en-ter of harge of the water moleule. The enter of hargeoordinate ~XCC is de�ned as ~XCC =
∑

qi~xqi/
∑

qi. Theenter of harge orresponds to the enter of the pointdipole obtained from any given harge distribution. Thisan be easily realized by the ation of a rotation matrixabout Y-axis followed by translation along Z-axis. We�x the enter of harge to be at height z above the metalsurfae.
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 (1)We an similarly obtain the most general oordinates ofthe hydrogen atoms
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The oordinates of the image of harges an be easilyobtained by the re�etion of z oordinate through thex-y plane.
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cos θ)In the oordinates desribed in Fig. I α is the angle be-tween the two arms of the water moleule and is a knownonstant (α = 105o). θ is the angle made by the planeontaining the water moleule with the vertial. �z" isthe distane between the metal surfae and the enter ofharge of the water moleule. X-Y plane is the re�etingmetal surfae about whih we perform method of images.

FIG. 1. Shematis showing water moleule and its imagewhere rotation of the moleule is desribed about enter ofharge. The moleule is rotated about Y-axis �xed aross itsenter of harge. θ is the angle of rotation as a funtion ofwhih we alulate the total eletrostati energy of the system.The total eletrostati energy of the system (metal+monomer) an be written as
Uelectrostatic = Urr + Uir (4)
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2where Urr is the interation energy of the real hargesand Uir is the interation energy of the real and imageharges.
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Urr is the eletrostati self energy of the moleule andis independent of the orientation of the moleule so theequilibrium on�guration only depends on the intera-tion of the water moleule with its image. To obtain themost favorable on�guration of the water moleule dueto eletrostati interations we minimize Uir(θ) with re-spet to the orientation angle θ. We plot the eletrostatipotential energy landsape of Uir(θ) for four distanes zfrom the metal surfae as a funtion of θ.
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ÅFIG. 2. Uir(θ) vs θ for four distanes from the metal surfae.For all the distanes we see that the vertial on�gurationsare more stable than the parallel on�guration.On the basis of total eletrostati interation energy land-sape for the water moleule as a funtion of orientationangle θ we make the following observations.
• The absolute minimum energy on�guration of thewater moleule is when θ = 0 with respet to thethe vertial, when the moleule about the enterof harge and θ = π when the moleule is rotatedabout a �xed oxygen atom (for smaller distanes) .
• θ = 0 or the vertial on�guration with Hydrogenatoms pointing up is more favored than the θ = π

2parallel on�guration in both the ases.
• We see a lear asymmetry in the θ = 0 and the
θ = π on�gurations for distanes z = 2 − 2.5Åwhih will not be seen if an extended dipole ap-proximation of the water moleule is used to modelthe system.

• With inreasing distane from the metal surfaethe water moleule an be approximated as a point

dipole for whih all the orientations will have al-most same energy value.A. Validity of Dipole approximation.Based on the above observations we emphasize the fatthat a permanent dipole approximation does not distin-guish between the ases where the hydrogen atoms pointup or down. This piture yields the same energy for boththe on�gurations due to the symmetry in dipole. On theother hand, aounting for the full harge density dis-tribution of the water moleule learly distinguishes be-tween the on�guration where hydrogen atoms are point-ing up or pointing down. Also the permanent dipole ap-proximation of the water moleule is only valid for thease when the water moleule is su�iently far away fromthe metal surfae in omparison to the O-H bond length.The distane at whih the water moleules are adsorbedon the metal surfae is roughly 2.5Å. Whih is not muhgreater than the water moleule bond lengths (of the or-der of 1Å). The more realisti approah is to do a fulleletrostati interations of the water moleule .B. Eletrostati energy for full harge density forwater moleule.Motivated by our previous alulations it will be worthalulating the metal-water moleule interation energyusing the full harge density funtion of water moleule.Our eletroni harge distribution is obtained using theKohn-Sham eigenstates of an isolated water moleule ob-tained from a previous DFT alulation using the siesta3ode. These Kohn-Sham wave funtions are linear om-binations of atomi orbitals, we used a single-ζ polar-ized basis set. We obtain the linear ombination oe�-ients from self-onsistent DFT alulation and use themto ompute the Kohn-Sham wave funtions of the watermoleule and with them the analytial harge density dis-tribution funtion. The harge density distribution de-pends the orientation angle θ. For the ore and the nu-lear harge we use highly loalized Gaussian funtionsentered at the oordinate position of the atoms. Theseoordinates are de�ned in the same way as for the pointharges whih allow for the θ rotation about the Y-axis.We de�ne the harge density in the following way
ρ(−→r ,Ri(z, θ)) = q
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Ylm is the spherial harmonis and R(|−→r −

−→
Ri|) is theradial funtion, whih in our ase is a set of trunatedgaussian funtions we �tted to math the original, on-�ned, siesta radial funtions. The vetor −→

Ri gives themost general position for eah atom as given in the equa-tion 1, 2, and 3. q is the total harge in eah eigenstateof the basis. Cnlm is the linear ombination oe�ientsobtained from the siesta alulation. We an also write
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3the ore harge distribution using a loalized gaussianfuntion
ρcore(

−→r , Ri(z, θ)) =
∑

i ǫ atom

qi | e−κ(|−→r −
−→
Ri|

2) |2 (6)where κ = 1
R2

c

. Rc is the radius of the ore (Rc = 0.61Åfor oxygen and Rc = 0.21Å for hydrogen). Sine we havehosen loalized atomi orbitals as the basis set for thefull wave funtion, we an rigid rotate the full harge dis-tribution by rotating the water moleule as desribed forthe point harge ase. The atomi orbitals rotate with itsatomi enter. Hene we an alulate the eletrostatienergy between the full harge distribution of the watermoleule and the full image harge distribution as a fun-tion of orientation angle θ and z (distane of the enter ofharge from the image plane). We de�ne the full hargedistribution of the water moleule and its image in thefollowing way
ρtotal(

−→r ,Ri(z, θ)) = ρcore(
−→r ,Ri(z, θ)) + ρ(−→r , Ri(z, θ)) (7)

ρimage(
−→r ,Ri(z, θ)) = ρtotal(

−→r , Ri(−z, π − θ)) (8)One we establish a harge distribution as a funtion ofatomi positions we an easily rotate the water moleuleabout the Y-axis �xed at the enter of harge and alu-late the eletrostati interation energy2 with the imageharge distribution as a funtion of orientation angle θ.
Uir(z, θ) =
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dr′(9)We plot the eletrostati energy for full harge distribu-tion and its image as a funtion of θ (see Fig. I B) for

z = 3.12Å. We ompare it to the plot for the three pointharge model. Aording to the plot we observe that
θ = 0 (vertial) is the most stable on�guration. We alsoobserve that eletrostati energy for the full harge distri-bution inreases ompared to three point harge model.It is very interesting to notie how the energy dependeneof the full harge distribution is muh more omplex thatthe simple dipole or 3 point harges model. In partiu-lar, we an see that there is an in�etion point at θ = π

4 ,whih oinides with the angular diretion of the O lonepairs.
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FIG. 3. Uir(θ) vs θ for 3.12Å from the metal surfae 1) Forthree point harge model. 2) For full harge distribution ofwater moleule.In onlusion, we were able to alulate the eletrostatienergy between the water moleule with metal for threepoint harge model, and full harge distribution alu-lated from siesta. We were able to identify vertial align-ment (with hydrogen atoms faing up) as the most stableon�guration of the water moleule under the onstraintof eletrostati interations with the metal surfae. wealso have shown that the full harge distribution pro-vides a muh more omplex interation energy landsape,where the lone pairs of the oxygen ontribute to minimizethe interation energy for an intermediate alignment.
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