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We have modeled the adsorption of ammonia on thelAl) surface at coverages of 1/4 and 1/9 of

a monolayer using density-functional theory employing the pseudopotential method, periodic
imaging, a plane-wave basis set, and the PW91 density functional. The geometries of the adsorbate
and the surface are fully optimized. The adsorption is found to be highly favored on top of a surface
atom. Adsorption energies of 26 and 32 kJ moare obtained for the 1/4 and 1/9 of a monolayer
coverage, respectively, extrapolating to 34 kJ mait zero coverage; the experimental estimate is
32-42 kImol*. Small changes in the work function are predicted and interpreted as arising from
a surface layer whose effective dipole momentis 2.15 D, 0.77 D larger than the calculated value of
isolated ammonia. Examination of the calculated charge density and the local electric field strengths
indicate that the change in dipole moment is due to polarization effects and that ammonia to gold
charge transfer is minimal, at most 0.81n magnitude. Qualitatively, the local densities of states
and the charge distribution provide little indication of covalent bonding between the gold and
ammonia, and quantitatively the adsorption is interpreted as arising from dispersive interactions
with some contribution from polarization. This picture is in contrast with common notions of gold

to ammonia binding which depict weak chemisorption rather than physisorption, but the usefulness
of PW91 in distinguishing between these processes is questioned through examination of the
calculated potential energy surface of N®W91 is shown only to mimic dispersive interactions
using modified covalent terms. @002 American Institute of Physic§DOI: 10.1063/1.1471245

I. INTRODUCTION atomic clusters as models for the metal substrate. These cal-
culations have all found the atop-site binding preferred, with
In order to interpret the nature of gas—surface interacammonia attached to the metal surface via its nitrogen atom.
tions, knowledge of forces which govern the bonding mechaAn early study® anticipated such a scenario for the adsorp-
nism at the interface between gaseous and solid phasestisn of ammonia on most metals.
required. Systems of this type are very important. Heteroge- Chemically, the bonding between ammonia and a gold
neous catalysis and gaseous corrosion, for example, are ret11) surface could arise from a combination of a variety of
active processes with enormous importance, while aerodyeffects including covalent bondingia electron sharing in-
namic friction is an example of an important nonreactivevolving the ammonia lone-pair orbital and the partially filled
process. Recent progress in theoretical methods and increagold s band, electron transfefvia ligand to metal or even
ing computer power have provided the opportunity to obtainmetal to ligand charge transjeelectrostatic effects such as
microscopic insight into such processes. charge polarization of the ammonia and/or the metal, and
We report the first calculation from first principles of the dispersive interactions. Often the term “weak chemisorp-
adsorption of ammonia on a gold surface and interpret théion” is used =’ to describe the interaction between ammonia
results in terms of chemical bonding models; this usesnd gold, suggesting that weak covalent or electron-transfer
density-functional theory and the PW91 density functidnal. effects are most significant. However, as dispersion may also
The adsorption and reaction of ammonia on transition metabe a significant contributor, and as density functionals of the
surfaces has been studied extensively owing to its importype of PW91 typically perform poorly for this type of
tance as a reactant or product in the field of catalyis interaction'® at best treating it implicitly via modified cova-
early reviews, see Refs. 2 and. Experimental studies of lent terms, we also examine in detail the interaction pre-
ammonia adsorbed on a gold substrate, however, are rathgicted by PW91 for Ng
sparsé'~’ Theoretical studies of the interaction of ammonia
with surfaces, aiming to shed light on the nature of the bond!l- METHODOLOGY
ing, have been carried out for several latdband metal The computations were done using the Viemainitio
substrate§; *®but not for gold. Most of the studies employed simulation packaggVASP).1"'8 VASP utilizes an iterative
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scheme to solve self-consistently the Kohn—Sham equation&\BLE I. Adsorption energies for Nklon the Au111) surface, given in
of density functional theory using residuum-minimization kJ mor .

techniques and an optimized charge-density mixing routing. ® (ML)
A plane-wave basis set is employed to expand the electronie

Thickness Top  Flip Bridge fcc hcp

wave functions, which facilitates the evaluation of the 4 2 ;Z 5 4 L
Hellmann—-Feynman forces acting on atoms. Electron—ion 4 32 9
interactions are accounted for through the use of ultrasoft 0 34

pseudopotentials:?° which allows the use of a low energy = — -
cutoff for the plane-wave basis set. For electr_on—electrorgz';fr;g;zgg: :;Z”?:;g deviation 2 kJ ol
exchange and correlation interactions the functional of Per-
dew and WangPW91),! a form of the generalized gradient
approximation(GGA), is used in the current work. The re-
laxation of atom positions is performed via the action of a

conjugate gradient optimization procedure. 4
The gold surface was modeled by supercells consistin{]’erce""s was only used with four Iayer;. In each case, the
of several atomic layers and vacuum. The application of pel@Y€'S of metal were separated by a region of vacuum of six

riodic boundary conditions in all three Cartesian directions?t0M layer equivalent thickness. The interlayer spacing is

yields an infinite array of periodically repeated slabs sepataken from the previously determined value of the bulk lat-

rated by regions of vacuum. Two supercell geometries, wittfce parameter. For ammonia ad;orpthn, two molecules, one
four and nine atoms per layer, respectively, were employe(.ffaCh side of the slab, W't_h an inversion cente_r, have been
in order to simulate a high® =1/4 of a monolaye(ML), e”?p'oye‘?' to reduce the d|pole—d!pole Interactions between
and low,® =1/9 ML, coverage limit of adsorbed ammonia, nelghborlng cells. Unle_ss othervv_|se specmed, ?” calcula-
the unit cell of which correspond to a K2) and (3<3) tions were for the conflgurz.atlon in which the nltrogen of
lateral geometry. In the case of ammonia adsorption o :mmonia faced the suEfe_\ce, alfernate hydrogen-facing con-
Pt(111) surface, saturation at 1/4 ML has been establighed. gurations are Iabeled_ flipped.” The tqp and. bqttom layers
Given the overall resemblance between thermal desorptioﬁ/ere a!lowed to relaxll_n each calculation, with inner layers
spectra of ammonia on ALiL]) (Ref. 6 and P¢11)2t and  '"o4€N N the bulk positions.

the strong dipole—dipole repulsion between adjacent parallel

aligned ammonia molecules, higher coverage limits havefII RESULTS

been omitted from consideration. Lower limits, on the other

hand, would involve Iarger Supercells resulting in hlgher The energy of ammonia in the gas phase has been esti-
computational demands. mated using two molecules with an inversion center in a cell
The lattice constant of gold was obtained from bulk of the same size as the £3) supercell. For this, the opti-
computations of total energy versus the size of the unit cellmized N-H bond length anel—N—H bond angle are 1.02 A
While this property is required as an input parameter to theind 105.7°, respectively, in good agreement with the experi-
subsequent surface-structure computations, calculations @fental values of 1.012 A and 106.7%.
this type are also useful as they provide an indication of the  For the clean gold surface a calculation using the (2
accuracy of the computational approach. An energy cutoff ofx 2) supercell shows very little relaxation for the top and
180 eV was used for the plane-wave expansion. The Brilbottom layer of the slab, in accord with the experimental
louin zone integration was performed on a Monkhorst—Packesult® for a clean A§111) surface. The work function from
11x 11x 11 k-point mesh with a Methfessel-Paxtésmear-  the same calculation is found to be 5.23 eV, in excellent
ing of 0.2 eV. The fit to an equation of state gives a latticeagreement with the experimental value of 5.26?&V.
constant of 4.2 A and a bulk modulus of 150 GPa. In orderto  Ammonia adsorption was initially considered for
evaluate the cohesive energy of gold, a single atom in a cubinitrogen-facing configurations in which the nitrogen can be
cell with 12 A large sides was used to approximate an isoclassified as lying on top, bridge, or hcp and fcc threefold
lated gold atom. lIts total energy was then calculated usingiollow sites, and the corresponding adsorption energies on
only theI'-point in the Brillouin zone integration. A cohesive the (2x2) 6-layer supercell are listed in Table I. Apart from
energy of 3.24 eV is obtained as the energy difference of ghe atop adsorption, all sites result in very weak or almost no
gold atom in bulk and the “isolated” atom. These values arebinding. Hence, only the atop case has been considered for
in an acceptable agreement with those from experiments—dse with the (X 3) cell. Also, this configuration has been
4.08 A, 170 GPa, and 3.81 eV, for the lattice parameter, bulkised to examine the dependence of the binding energy on the
modulus, and cohesive energy, respectiv@l subsequent thickness of the gold slab and on the relative location of the
increase in the energy cutoff by 30% showed no significantwo ammonia molecules with respect to each other, with the
change, indicating that the lower cutoff is appropriate. results again given in Table |. The values entered in this table
For calculations involving ammonia, Brillouin-zone in- for the top configuration are in fact the adsorption energies
tegrations have been done using<k®x1 and 3<3X1  averaged over all possible locations, and the standard devia-
Monkhorst—Pack grids, respectively, with a Methfessel—tions in the energy is 2 kJ mot in each case. Variations of
Paxton smearing of 0.2 eV. An energy of 350 eV is used, asip to 7 kJmol! were found between individual structures,
required by the pseudopotential of nitrogen. however. For the (X2) supercell, varying the thickness

The (2x2) supercell was used in conjunction with ei-
ther four or six layers of gold atoms, while the X3) su-
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TABLE Il. Geometries for NH adsorbed atop. Distances between atoms,

aieAu o N from free NH, h
N—-Au and N-H, as well as the top layer bucklld@l , are given in A. : i
|
i H
® (ML) N-Au N-H ZH-N-H ZH-N-Au-H dy=™ — % i
..... A i
1/4 2.58 1.02 110.2° 120.0° 0.11 -= P, i
1/9 2.45 1.02 109.7° 119.9° 0.04 iy Px I' '\

y T ; T y T
N from ; :

Au(111)-(3x3)-NH, i i

|
! i

from four to six layers resulted in only the relatively small
change of 1 kJmol* and hence only four layers were used
with the (3X3) supercell. —
The major contribution to the change in adsorption en- Au s orbital from: ;
ergy as a function of coverage is the change in the dipole— — AullD
dipole interactions between neighboring ammonia mol- —— Au(111)-(3x3)-NH, | |
ecules, an interaction which decreases with the third power -
of the length of the unit cell. This result may be used to | |
extrapolaté our calculated adsorption energies to zero cov- N A
. _ . . . Au d » orbital from:
erage, and we obtain 34 kJmdl A similar correction is 2
also obtained by considering the expansion of the unit cell — Au(lll)
S . . —— Au(111)-(3x3)-NH
containing just a single ammonia molecule, corrected for the 3
change in dipole moment discussed below. This suggests that
there are no strong chemical interactions between neighbor- P R —
- - ; 20 -15 -10
ing ammonia molecules on the X2) cell, although inter- Energy [eV]
actions of the order of those found between the ammonia

molecules on different sides of the metal are naively exFIG. 1. Projected densities of states for the nitrogandp orbitals as well
pected as thes and d,2 orbitals of the bound gold atom as a function of energy

. . . lati he Fermi level.
The corresponding optimized geometries for the atopreat've to the Fermi leve

binding are given in Table Il. In both cases ammonia is found
to adsorb with its threefold axis perpendicular to the surface,
coordinated via the nitrogen atom. The molecule is free ta linear relationship between the change in the work function
rotate around the axis, as the energy differences betweeand the adsorbate-induced dipole on the surface, an effective
various azimuth orientations are less than the accuracy of thg¢ipole moment of 2.15 D per molecule is obtained for the 1/9
present computations. The presence of ammonia inducedL coverage of ammonia on AWi1ll). This is significantly
some buckling in the top layer of the gold surface, shown inenhanced from the value of 1.47 D observed for free ammo-
Table I asd’i‘f‘A“. It concerns only the Au atoms bound to nia. For the adsorption on Rtl1) and P¢111) values of 1.9
N, and is significant only in the higher coverage case forD and 2.0 D, respectivefy;?! were obtained in the same
which d7§™“ = 0.11 A. Relaxations in the lateral directions manner in the high-coveradee., nonlinear limit.
did not occur. In order to obtain insight into the electronic factors that
An interesting phenomenon often observed on surfacesontrol the adsorption, projected densities of st@3DOS
is the adsorption-induced change in the work function. Ithave been calculated by projecting the wave function onto
originates from surface dipoles and charge transfer betweestom-centered spherical harmonic basis functions, consider-
adsorbate and substrate and is obtained as the difference bieg only the electron density found within nonoverlapping
tween the electrostatic potential in the middle of the vacuunspheres centered on each atom. The PCDOS for orbitals
region and the Fermi energy. The extent of the vacuum rewhich show detectable change on binding are shown in Fig.
gion must be sufficient to ensure that the electrostatic potert, where they are compared to their unbound values. These
tial has a uniform value at all points on its central plane. Itsorbitals are the nitrogesandp orbitals as well as the and
length must increase with decreasing coverage and we usk: orbitals on the bonded gold atom. Clearly, a strong inter-
nine atomic layers equivalent thickness at 1/4 ML and elevemction occurs between the,-dominated nitrogen lone-pair
at 1/9 ML. The results indicate a decrease in the work funceorbital and the gold,. orbital, but as both orbitals are dou-
tion of Au(111) induced by ammonia adsorption of 1.15 andbly occupied no net covalent or charge-transfer interaction
1.90 eV for the ammonia coverages of 1/9 and 1/4 ML, re-can occur and hence the interaction contributes only weakly
spectively. While the sign of the change as well as its into chemical bonding. Covalent bonding can occur only
crease with coverage are typical for ammonia on transitiorthrough interactions of the unfilled golband and the lone
metal surfaces, the magnitude of the change for thd By  pair, but as Fig. 1 shows, only inconsequential interactions of
surface is somewhat lower than for most others. In the casthis type are evident. Spin—orbit coupling mixgs>p exci-
of Rh(111), for example, it amounts te 2.5 eV at the higher tation with the ground statéand hence permits significant
coverage and for Pf111) the magnitude at saturation cov- covalent interactions to occur with the partially vacatkel
erage is— 3.0 eV, one of the largest work function changesorbital. As this effect is not included in these calculations, an
ever reported’ Using the Helmholtz equatiot,which gives  underestimation of the ammonia—gold bond strength by

o
/A | . |

Density of States

\I\
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IV. INTERPRETATION AND CONCLUSIONS

It is worthwhile to compare the polarization effects im-
plied by Fig. 2 with the effective surface dipole evaluated
from the Helmholtz equation. Quantitatively, the polarization
can be estimated from values of the electric field strengths
emanating from the ammonia and the surface and the polar-
izabilities of ammonia and the attached gold atom. The elec-
tric field of a free ammonia moleculgn its adsorbed con-
figuration at the position of the bound gold atom is 0.0128
au, while that emanating from the surface at the separation of
the nitrogen atom is-0.0097 au. We computed the polariz-
ability of a gold atom usingsAUSSIAN 98 (Ref. 29 with the
_ > PWO1 functional and the LANL2DZ basi8,obtaining 37

J[ \/ e J a.u. in agreement with previous higher-level calculations of
39 a.u.3! for ammonia, the polarizability similarly calculated
using the PW91 functional and the aug-cc-pVDZ bsis
16.5 a.u.(15.0 a.u. isotropik close to the observed value of
18.9 a..?* From these values, the estimated induced dipole
at the ammonia is -0.4 D while that at the connected gold

° ° :? atom is 1.2 D; adding these to the calculated dipole moment
of the ammonic monomer of 1.5 D predicts a total surface
dipole of 2.3 D, in good agreement with the value of 2.15 D
FIG. 2. Isosurfaces of differential charge of Aa)—-H;(2x2). Upper  deduced using the Helmholtz equation. These induced mo-
panel: negative value indicating electron defiait isovalue of 0.028/A%).  mants correctly reflect the density distributions shown in Fig.
Lower panel: positive value indicating electron surplas isovalue of 0.017 .
elAY). 2; the charge flow from nitrogen upwards tends to reduce the
ammonia dipole, while the downwards flow on the gold atom
would result in a dipole moment with the same orientation as
that for the molecule. While this calculation ignores the ef-
fects of quadrupole and higher moments, polarization of
~20% is anticipated. Neglecting spin—orbit coupling, cova-neighboring gold atoms, and does not include a self-
lent bonding interactions are expected to be of minor imporconsistent description of the field strengths, it clearly indi-
tance, however. cates that charge-transfer contributions are not required in

As there is no evidence of any net electron transfer in-order to understand the calculated changes in the work func-
volving any orbital, polarization appears to be the only sig-tion due to ammonia binding. A net charge transfer of just
nificant effect on the electronic structure of both the metal0.05 e from nitrogen to its attached gold atom would be
and ligand arising due to the adsorption of ammonia orsufficient to account for the 0.65 D change in effective dipole
the—chemically inert—A(111) surface. The charge redistri- moment, and so it appears that the actual amount of net
bution leads to local dipole moments on the surface whict¢harge transfer is less than 0.61
contribute to the change in the work function, as previously ~ From the above field strengths and induced dipole mo-
quantified. Further insight into the nature of this interactionMents, the contribution of the polarization terms to the bind-
can be obtained from the differential charge density, i.e., thd"d €nergy can be estimated. This amounts to 8.0 kJ fnol
charge density of the whole system from which the densitief0" 90ld polarization and 2.0 kJ mot for ammonia polar-

. l .
of the adsorbate and the substrate have been subtracted. T'ﬁ@t'on or 10 kJmol™ total. An alternate estimate of the

latter are to be evaluated for the distorted atom geometriegOIarlzatIon energy of the gold substrate can be obtained

taken from the calculation of the adsorbate—substrate con{for.n the image charge approximation for a continuous me-

negative 35

o [+

DOS

ace atoms; this predicts 5.1 kJm

fthe diff tal ch displaved in Fia. 2. T b Ment with the previous atom-based estimate of 8.0 kJ tol
or Ine dinerential charge are displayed in Fg. . 1wo 0 Ser'Using either value, the total polarization energy is much less

vations can be made. First, the change in density is very Io%an the estimated zero-coverage binding energy of 34
in magnitude. All the isosurfaces that extend over an appregj mor . Polarization is known to be the dominant term
ciable space region have very small values. Second, thgsponsible for physisorption of molecules osfrmetal sur-
charge difference is spatially confined to the admolecule anghces such as those of alumindfbut appears inadequate
the underlying atom indicating qualitatively that the major for ammonia interacting with gold. As we have argued that
effect is internal charge redistribution, i.e., polarization of thecovalent and charge-transfer effects are minimal, the remain-
two subsystems, rather than say adsorbate to metal charg®y source of the binding energy must be electron-correlation
transfer. No charge buildup was found in the region betweemffects such as dispersion, an effect expected to be much
the gold and nitrogen atoms indicating again that covalenstronger for interactions with gold than with aluminum.
bonding effects are not paramount. The longest-range component of the dispersive energy is
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the London term whose isotropic component is crudely esti- ST

T T T T T T T Py &J
mated a¥ o

3 Innglau anmaay . L
2 Nty RO W

Vdisp:

-.1

whereR is the Au—N separationl, are ionization energies,
anda are isotropic polarizabilities. At the equilibrium geom-
etry this term contributes 37 kJ mdi to the binding energy.
It is thus quite plausible that this term, plus contributions
from higher-order dispersive interactions, constitute the ma-
jority of the attractive terms leading to bonding; the energy at
the equilibrium geometry would thus arise primarily from
the competition between these terms and the exponentially- L % 0.25
decaying exchange repulsion terms. In addition to the Lon- - , - Au(111)-NH3{ -
don term, significant contributions from higher-order orien- i \/ T BE— :',’ EE——
tationally dependent dispersive interactithare expected - . . .
due to the previously demonstrated strong interaction be- 12 3 4
tween the filled goldd,. and nitrogen lone-pair orbitals. R /A
Dispersion is a long-range correlation that is poorly "®PEG. 3. The potential energy of Mérom the experimental HFD-B surface

resented by currently available density-functionals. Our pretref. 39 (open circles and from PWOL(filled circles, fitted using the
vious qualitative arguments suggest that in reality the gold-covalent and van der Waalexp-6 functions. The insert shows the PW91

ammonia interaction is primarily dispersive in nature, but itenergy of one atop configuration of the ammonia bound to the3Bcell of
. . Id (112) as a function of extension of the gold to nitrogen separd&&and
IS queStllonable asto Whether .Or not ng_l leads to t_he Sanﬂg essentially equivalent fits to the two functional forms.
conclusion. A good quantitative check is to examine the

long-range form of the interaction and check for tRe®

dependence typical of a dispersive interaction. However, & fact the only functional known to reproduce the equilib-
alternative contributions to the ammonia-surface interactior}ium bond length and the shape of the well region at all

. . _5 . . . .
sucrd as pbolarlzra?_tlondscsle &8, Eroger_dlscrgrmanon bsatisfactorily. Our conclusion is that, while PW91 has been
could not be achieved. However, the basic problem can by, 36 reproduce properties of some van der Waals sys-

examlnl%d by cqn3|dera_t|on of the b|nd|_ng n noble-gastems’ it does so empirically using covalent terms to mimic
dimers®® All density-functionals so far consider®gproduce van der Waals ones and so is not expected to be generally

potential energy surfaces of either very poor shape and/ eliable. The A@l111)—NH; potential is shown in the insert
orders of magnitude under or over estimations of the wel f Fig. 3 for one conformation of the ammonia pair on the

depth. Th's suggests t_hat, |f_thg major attractive force; f°E3><3) gold surface. The energy profile can equally be fitted
ammoria on QOId are d|sper§|ve In nature, then the quality g y the covalent and van der Waals formulas indicating that
the computational .results _W'" be highly influenced by theIhis empirical process is indeed pertinent to the PW91 treat-
nature of the density functional used. We chose PW91 as ent of the gold—ammonia interaction.

has been arguéithat, unlike most density functionals, it To further evaluate the strengths and weaknesses of our
provides a reasonable description of van der Waals interacc'omputational approach, we have examined in détsile

tions between molecules suc_h ag, O, and C.O' Th.e per- bonding in the AuNH complex using PW91 with and with-
formance of PW91 for modeling the purely dispersive INr- 1t the use of ultrasoft pseudopotentials, and with and with-

actions between noble-gas atoms has not previously be%ht spin—orbit coupling corrections, as well as with extensive

considered, however. We show in Fig. 3 the potential energ}éoupled-cluster CCS) (Ref. 40 calculations. The results

surfaqe for N% evaluated using F_)W91 and th""}t Obtalr1,,edindicate that PW91 overestimates binding energies by 15%
experimentally,” a ;urface which S known as HFD"_‘D" compared to CCSQ), that spin—orbit coupling produces an
Both surfaces are fitted by the univerSatovalent potential equal but opposite effect, and that use of the ultrasoft
Veor= —Eo(l+a)e™®, a=a(R—Ry), (2)  pseudopotentials causes the binding to be underestimated by
25%. The increased binding due to spin—orbit coupling oc-
and the basic van der Waals exp-6 potential ofcyrs asi— p excited states of gold which covalently bond to
Buckinghant® ammonia are mixed into the ground state. This effect may be
V. = Ae—®R_BR-6 3 specific to heavy metals such as gold and appears unneces-
vdwW ) . .y . . . .
sary to explain the binding in silver-ammonia and silver—
which can be improved if necessafy’° It is clear from the water complexe&! Ultrasoft pseudopotentials have been
figure that the van der Waals potential fits the experimentathown to produce excellent molecular geometries, both in
data while the covalent potential fits the PW91 results. Thegenerdl® and for gold—ammonia clustef’, but to our
PW91 well depth is also four times too deep; while thisknowledge there has been no systematic studies of their ef-
result appears poor, it is actually much better than that obfects on binding energies. It is likely that the effects are more
tained for other common density functiondfsand PW91 is  severe for light, electron dense atoms such as nitrogen, and

AE / kJ mol’!
-.2

-.3
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may be overcome using the recently developed projectoexperimental data. Only weak changes are observed in the
augmented-wavéPAW) method*? In summary, the VASP calculated electronic properties of the system. While the term
ultrasoft-pseudopotential PW91 binding energy for the com*weak chemisorption” is frequently uséd’ to describe the
plex was found to be only 75% of the best-estimate valueinteraction between ammonia and gold, at least for the
Here, this method prediced an ammonia to(#i1) adsorp- chemically inert Ag111) surface no evidence that supports
tion energy of 34 kJmol' (see Table)l Based on the anal- this point of view has been found. Rather, the bonding ap-
ogy to the cluster calculation, we would anticipate the ad-pears to be primarily dispersive in nature, with a quantifiable
sorption energy to underestimated by10 kJmol'l.  contribution arising also from charge polarization. PW91 is
Experimentally, the well depth at zero coverage has beefpund to represent this dispersive interaction empirically but
estimated from thermal desorption spetfraas 32—42 reasonably accurately.

kJmol ! and so the calculated and experimental data are in

reasonable agreement.
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