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Adsorption of ammonia on the gold „111… surface
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We have modeled the adsorption of ammonia on the Au~111! 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 mol21 are obtained for the 1/4 and 1/9 of a monolayer
coverage, respectively, extrapolating to 34 kJ mol21 at zero coverage; the experimental estimate is
32–42 kJ mol21. Small changes in the work function are predicted and interpreted as arising from
a surface layer whose effective dipole moment is 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 0.01e in 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 Ne2. PW91 is shown only to mimic dispersive interactions
using modified covalent terms. ©2002 American Institute of Physics.@DOI: 10.1063/1.1471245#
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I. INTRODUCTION

In order to interpret the nature of gas–surface inter
tions, knowledge of forces which govern the bonding mec
nism at the interface between gaseous and solid phas
required. Systems of this type are very important. Hetero
neous catalysis and gaseous corrosion, for example, ar
active processes with enormous importance, while aero
namic friction is an example of an important nonreact
process. Recent progress in theoretical methods and inc
ing computer power have provided the opportunity to obt
microscopic insight into such processes.

We report the first calculation from first principles of th
adsorption of ammonia on a gold surface and interpret
results in terms of chemical bonding models; this u
density-functional theory and the PW91 density functiona1

The adsorption and reaction of ammonia on transition m
surfaces has been studied extensively owing to its imp
tance as a reactant or product in the field of catalysis~for
early reviews, see Refs. 2 and 3!. Experimental studies o
ammonia adsorbed on a gold substrate, however, are ra
sparse.4–7 Theoretical studies of the interaction of ammon
with surfaces, aiming to shed light on the nature of the bo
ing, have been carried out for several lated-band metal
substrates,8–15but not for gold. Most of the studies employe
8980021-9606/2002/116(20)/8981/7/$19.00
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atomic clusters as models for the metal substrate. These
culations have all found the atop-site binding preferred, w
ammonia attached to the metal surface via its nitrogen at
An early study10 anticipated such a scenario for the adso
tion of ammonia on most metals.

Chemically, the bonding between ammonia and a g
~111! surface could arise from a combination of a variety
effects including covalent bonding~via electron sharing in-
volving the ammonia lone-pair orbital and the partially fille
gold s band!, electron transfer~via ligand to metal or even
metal to ligand charge transfer!, electrostatic effects such a
charge polarization of the ammonia and/or the metal, a
dispersive interactions. Often the term ‘‘weak chemiso
tion’’ is used4–7 to describe the interaction between ammon
and gold, suggesting that weak covalent or electron-tran
effects are most significant. However, as dispersion may
be a significant contributor, and as density functionals of
type of PW91 typically perform poorly for this type o
interaction,16 at best treating it implicitly via modified cova
lent terms, we also examine in detail the interaction p
dicted by PW91 for Ne2.

II. METHODOLOGY

The computations were done using the Viennaab initio
simulation package~VASP!.17,18 VASP utilizes an iterative
1 © 2002 American Institute of Physics
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scheme to solve self-consistently the Kohn–Sham equat
of density functional theory using residuum-minimizatio
techniques and an optimized charge-density mixing rout
A plane-wave basis set is employed to expand the electr
wave functions, which facilitates the evaluation of t
Hellmann–Feynman forces acting on atoms. Electron–
interactions are accounted for through the use of ultra
pseudopotentials,19,20 which allows the use of a low energ
cutoff for the plane-wave basis set. For electron–elect
exchange and correlation interactions the functional of P
dew and Wang~PW91!,1 a form of the generalized gradien
approximation~GGA!, is used in the current work. The re
laxation of atom positions is performed via the action o
conjugate gradient optimization procedure.

The gold surface was modeled by supercells consis
of several atomic layers and vacuum. The application of
riodic boundary conditions in all three Cartesian directio
yields an infinite array of periodically repeated slabs se
rated by regions of vacuum. Two supercell geometries, w
four and nine atoms per layer, respectively, were emplo
in order to simulate a high,Q51/4 of a monolayer~ML !,
and low,Q51/9 ML, coverage limit of adsorbed ammoni
the unit cell of which correspond to a (232) and (333)
lateral geometry. In the case of ammonia adsorption
Pt~111! surface, saturation at 1/4 ML has been establishe21

Given the overall resemblance between thermal desorp
spectra of ammonia on Au~111! ~Ref. 6! and Pt~111!,21 and
the strong dipole–dipole repulsion between adjacent par
aligned ammonia molecules, higher coverage limits h
been omitted from consideration. Lower limits, on the oth
hand, would involve larger supercells resulting in high
computational demands.

The lattice constant of gold was obtained from bu
computations of total energy versus the size of the unit c
While this property is required as an input parameter to
subsequent surface-structure computations, calculation
this type are also useful as they provide an indication of
accuracy of the computational approach. An energy cutof
180 eV was used for the plane-wave expansion. The B
louin zone integration was performed on a Monkhorst–P
11311311 k-point mesh with a Methfessel–Paxton22 smear-
ing of 0.2 eV. The fit to an equation of state gives a latt
constant of 4.2 Å and a bulk modulus of 150 GPa. In orde
evaluate the cohesive energy of gold, a single atom in a c
cell with 12 Å large sides was used to approximate an i
lated gold atom. Its total energy was then calculated us
only theG-point in the Brillouin zone integration. A cohesiv
energy of 3.24 eV is obtained as the energy difference o
gold atom in bulk and the ‘‘isolated’’ atom. These values a
in an acceptable agreement with those from experimen
4.08 Å, 170 GPa, and 3.81 eV, for the lattice parameter, b
modulus, and cohesive energy, respectively.23 A subsequent
increase in the energy cutoff by 30% showed no signific
change, indicating that the lower cutoff is appropriate.

For calculations involving ammonia, Brillouin-zone in
tegrations have been done using 53531 and 33331
Monkhorst–Pack grids, respectively, with a Methfesse
Paxton smearing of 0.2 eV. An energy of 350 eV is used
required by the pseudopotential of nitrogen.
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The (232) supercell was used in conjunction with e
ther four or six layers of gold atoms, while the (333) su-
percells was only used with four layers. In each case,
layers of metal were separated by a region of vacuum of
atom layer equivalent thickness. The interlayer spacing
taken from the previously determined value of the bulk l
tice parameter. For ammonia adsorption, two molecules,
each side of the slab, with an inversion center, have b
employed to reduce the dipole–dipole interactions betw
neighboring cells. Unless otherwise specified, all calcu
tions were for the configuration in which the nitrogen
ammonia faced the surface; alternate hydrogen-facing c
figurations are labeled ‘‘flipped.’’ The top and bottom laye
were allowed to relax in each calculation, with inner laye
frozen in the bulk positions.

III. RESULTS

The energy of ammonia in the gas phase has been
mated using two molecules with an inversion center in a c
of the same size as the (333) supercell. For this, the opti
mized N-H bond length andH–N–H bond angle are 1.02 Å
and 105.7°, respectively, in good agreement with the exp
mental values of 1.012 Å and 106.7°.24

For the clean gold surface a calculation using the
32) supercell shows very little relaxation for the top a
bottom layer of the slab, in accord with the experimen
result25 for a clean Au~111! surface. The work function from
the same calculation is found to be 5.23 eV, in excell
agreement with the experimental value of 5.26 eV.26

Ammonia adsorption was initially considered fo
nitrogen-facing configurations in which the nitrogen can
classified as lying on top, bridge, or hcp and fcc threef
hollow sites, and the corresponding adsorption energies
the (232) 6-layer supercell are listed in Table I. Apart fro
the atop adsorption, all sites result in very weak or almost
binding. Hence, only the atop case has been considered
use with the (333) cell. Also, this configuration has bee
used to examine the dependence of the binding energy on
thickness of the gold slab and on the relative location of
two ammonia molecules with respect to each other, with
results again given in Table I. The values entered in this ta
for the top configuration are in fact the adsorption energ
averaged over all possible locations, and the standard de
tions in the energy is 2 kJ mol21 in each case. Variations o
up to 7 kJ mol21 were found between individual structure
however. For the (232) supercell, varying the thicknes

TABLE I. Adsorption energies for NH3 on the Au~111! surface, given in
kJ mol21.

Q ~ML ! Thickness Topa Flip Bridge fcc hcp

1/4 6 25 5 4 1
1/4 4 26
1/9 4 32 9

0 34b

aSite average, standard deviation 2 kJ mol21.
bExtrapolated, see text.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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from four to six layers resulted in only the relatively sma
change of 1 kJ mol21 and hence only four layers were use
with the (333) supercell.

The major contribution to the change in adsorption e
ergy as a function of coverage is the change in the dipo
dipole interactions between neighboring ammonia m
ecules, an interaction which decreases with the third po
of the length of the unit cell. This result may be used
extrapolate7 our calculated adsorption energies to zero c
erage, and we obtain 34 kJ mol21. A similar correction is
also obtained by considering the expansion of the unit
containing just a single ammonia molecule, corrected for
change in dipole moment discussed below. This suggests
there are no strong chemical interactions between neigh
ing ammonia molecules on the (232) cell, although inter-
actions of the order of those found between the ammo
molecules on different sides of the metal are naively
pected.

The corresponding optimized geometries for the a
binding are given in Table II. In both cases ammonia is fou
to adsorb with its threefold axis perpendicular to the surfa
coordinated via the nitrogen atom. The molecule is free
rotate around the axis, as the energy differences betw
various azimuth orientations are less than the accuracy o
present computations. The presence of ammonia indu
some buckling in the top layer of the gold surface, shown
Table II asd11

Au–Au . It concerns only the Au atoms bound
N, and is significant only in the higher coverage case
which d11

Au–Au 5 0.11 Å. Relaxations in the lateral direction
did not occur.

An interesting phenomenon often observed on surfa
is the adsorption-induced change in the work function
originates from surface dipoles and charge transfer betw
adsorbate and substrate and is obtained as the differenc
tween the electrostatic potential in the middle of the vacu
region and the Fermi energy. The extent of the vacuum
gion must be sufficient to ensure that the electrostatic po
tial has a uniform value at all points on its central plane.
length must increase with decreasing coverage and we
nine atomic layers equivalent thickness at 1/4 ML and ele
at 1/9 ML. The results indicate a decrease in the work fu
tion of Au~111! induced by ammonia adsorption of 1.15 a
1.90 eV for the ammonia coverages of 1/9 and 1/4 ML,
spectively. While the sign of the change as well as its
crease with coverage are typical for ammonia on transi
metal surfaces, the magnitude of the change for the Au~111!
surface is somewhat lower than for most others. In the c
of Rh~111!, for example, it amounts to22.5 eV at the higher
coverage15 and for Pt~111! the magnitude at saturation cov
erage is23.0 eV, one of the largest work function chang
ever reported.21 Using the Helmholtz equation,27 which gives

TABLE II. Geometries for NH3 adsorbed atop. Distances between atom
N–Au and N–H, as well as the top layer bucklingd11

Au–Au , are given in Å.

Q ~ML ! N–Au N–H /H–N–H /H–N–Au–H d11
Au–Au

1/4 2.58 1.02 110.2° 120.0° 0.11
1/9 2.45 1.02 109.7° 119.9° 0.04
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a linear relationship between the change in the work funct
and the adsorbate-induced dipole on the surface, an effec
dipole moment of 2.15 D per molecule is obtained for the 1
ML coverage of ammonia on Au~111!. This is significantly
enhanced from the value of 1.47 D observed for free amm
nia. For the adsorption on Rh~111! and Pt~111! values of 1.9
D and 2.0 D, respectively,15,21 were obtained in the sam
manner in the high-coverage~i.e., nonlinear! limit.

In order to obtain insight into the electronic factors th
control the adsorption, projected densities of states~PCDOS!
have been calculated by projecting the wave function o
atom-centered spherical harmonic basis functions, consi
ing only the electron density found within nonoverlappin
spheres centered on each atom. The PCDOS for orb
which show detectable change on binding are shown in F
1, where they are compared to their unbound values. Th
orbitals are the nitrogens andp orbitals as well as thes and
dz2 orbitals on the bonded gold atom. Clearly, a strong int
action occurs between thepz-dominated nitrogen lone-pai
orbital and the golddz2 orbital, but as both orbitals are dou
bly occupied no net covalent or charge-transfer interact
can occur and hence the interaction contributes only wea
to chemical bonding. Covalent bonding can occur on
through interactions of the unfilled golds band and the lone
pair, but as Fig. 1 shows, only inconsequential interaction
this type are evident. Spin–orbit coupling mixesd→p exci-
tation with the ground state28 and hence permits significan
covalent interactions to occur with the partially vacateddz2

orbital. As this effect is not included in these calculations,
underestimation of the ammonia–gold bond strength

,

FIG. 1. Projected densities of states for the nitrogens andp orbitals as well
as thes and dz2 orbitals of the bound gold atom as a function of ener
relative to the Fermi level.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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;20% is anticipated. Neglecting spin–orbit coupling, cov
lent bonding interactions are expected to be of minor imp
tance, however.

As there is no evidence of any net electron transfer
volving any orbital, polarization appears to be the only s
nificant effect on the electronic structure of both the me
and ligand arising due to the adsorption of ammonia
the—chemically inert—Au~111! surface. The charge redistr
bution leads to local dipole moments on the surface wh
contribute to the change in the work function, as previou
quantified. Further insight into the nature of this interacti
can be obtained from the differential charge density, i.e.,
charge density of the whole system from which the densi
of the adsorbate and the substrate have been subtracted
latter are to be evaluated for the distorted atom geome
taken from the calculation of the adsorbate–substrate c
plex, rather than for relaxed geometries, in order to visua
charge flow as arising from the adsorption. The isosurfa
of the differential charge are displayed in Fig. 2. Two obs
vations can be made. First, the change in density is very
in magnitude. All the isosurfaces that extend over an app
ciable space region have very small values. Second,
charge difference is spatially confined to the admolecule
the underlying atom indicating qualitatively that the ma
effect is internal charge redistribution, i.e., polarization of t
two subsystems, rather than say adsorbate to metal ch
transfer. No charge buildup was found in the region betw
the gold and nitrogen atoms indicating again that cova
bonding effects are not paramount.

FIG. 2. Isosurfaces of differential charge of Au~111!–H3(232). Upper
panel: negative value indicating electron deficit~an isovalue of 0.022e/Å3).
Lower panel: positive value indicating electron surplus~an isovalue of 0.017
e/Å3).
Downloaded 29 May 2002 to 129.78.64.101. Redistribution subject to A
-
r-

-
-
l
n

h
y

e
s

The
es

-
e
s
-
w
e-
he
d

rge
n
t

IV. INTERPRETATION AND CONCLUSIONS

It is worthwhile to compare the polarization effects im
plied by Fig. 2 with the effective surface dipole evaluat
from the Helmholtz equation. Quantitatively, the polarizati
can be estimated from values of the electric field streng
emanating from the ammonia and the surface and the po
izabilities of ammonia and the attached gold atom. The e
tric field of a free ammonia molecule~in its adsorbed con-
figuration! at the position of the bound gold atom is 0.012
au, while that emanating from the surface at the separatio
the nitrogen atom is20.0097 au. We computed the polari
ability of a gold atom usingGAUSSIAN 98 ~Ref. 29! with the
PW91 functional and the LANL2DZ basis,30 obtaining 37
a.u. in agreement with previous higher-level calculations
39 a.u.;31 for ammonia, the polarizability similarly calculate
using the PW91 functional and the aug-cc-pVDZ basis32 is
16.5 a.u.~15.0 a.u. isotropic!, close to the observed value o
18.9 a.u.24 From these values, the estimated induced dip
at the ammonia is -0.4 D while that at the connected g
atom is 1.2 D; adding these to the calculated dipole mom
of the ammonic monomer of 1.5 D predicts a total surfa
dipole of 2.3 D, in good agreement with the value of 2.15
deduced using the Helmholtz equation. These induced
ments correctly reflect the density distributions shown in F
2; the charge flow from nitrogen upwards tends to reduce
ammonia dipole, while the downwards flow on the gold ato
would result in a dipole moment with the same orientation
that for the molecule. While this calculation ignores the
fects of quadrupole and higher moments, polarization
neighboring gold atoms, and does not include a s
consistent description of the field strengths, it clearly in
cates that charge-transfer contributions are not require
order to understand the calculated changes in the work fu
tion due to ammonia binding. A net charge transfer of ju
0.05 e from nitrogen to its attached gold atom would b
sufficient to account for the 0.65 D change in effective dipo
moment, and so it appears that the actual amount of
charge transfer is less than 0.01e.

From the above field strengths and induced dipole m
ments, the contribution of the polarization terms to the bin
ing energy can be estimated. This amounts to 8.0 kJ mo21

for gold polarization and 2.0 kJ mol21 for ammonia polar-
ization or 10 kJ mol21 total. An alternate estimate of th
polarization energy of the gold substrate can be obtai
from the image charge approximation for a continuous m
tallic surface assumed to pass through the nuclei of the
face atoms; this predicts 5.1 kJ mol21, in reasonable agree
ment with the previous atom-based estimate of 8.0 kJ mo21.
Using either value, the total polarization energy is much l
than the estimated zero-coverage binding energy of
kJ mol21. Polarization is known to be the dominant ter
responsible for physisorption of molecules ontospmetal sur-
faces such as those of aluminum,33 but appears inadequat
for ammonia interacting with gold. As we have argued th
covalent and charge-transfer effects are minimal, the rem
ing source of the binding energy must be electron-correla
effects such as dispersion, an effect expected to be m
stronger for interactions with gold than with aluminum.

The longest-range component of the dispersive energ
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the London term whose isotropic component is crudely e
mated as34

Vdisp52
3

2

I NH3
I Au

I NH3
1I Au

aNH3
aAu

R6
, ~1!

whereR is the Au–N separation,I are ionization energies
anda are isotropic polarizabilities. At the equilibrium geom
etry this term contributes 37 kJ mol21 to the binding energy.
It is thus quite plausible that this term, plus contributio
from higher-order dispersive interactions, constitute the m
jority of the attractive terms leading to bonding; the energy
the equilibrium geometry would thus arise primarily fro
the competition between these terms and the exponenti
decaying exchange repulsion terms. In addition to the L
don term, significant contributions from higher-order orie
tationally dependent dispersive interactions35 are expected
due to the previously demonstrated strong interaction
tween the filled golddz2 and nitrogen lone-pair orbitals.

Dispersion is a long-range correlation that is poorly re
resented by currently available density-functionals. Our p
vious qualitative arguments suggest that in reality the go
ammonia interaction is primarily dispersive in nature, bu
is questionable as to whether or not PW91 leads to the s
conclusion. A good quantitative check is to examine
long-range form of the interaction and check for theR26

dependence typical of a dispersive interaction. However
alternative contributions to the ammonia-surface interac
such as polarization scale asR25, proper discrimination
could not be achieved. However, the basic problem can
examined by consideration of the binding in noble-g
dimers.16 All density-functionals so far considered16 produce
potential energy surfaces of either very poor shape an
orders of magnitude under or over estimations of the w
depth. This suggests that, if the major attractive forces
ammonia on gold are dispersive in nature, then the qualit
the computational results will be highly influenced by t
nature of the density functional used. We chose PW91 a
has been argued36 that, unlike most density functionals,
provides a reasonable description of van der Waals inte
tions between molecules such as O2, N2, and CO. The per-
formance of PW91 for modeling the purely dispersive int
actions between noble-gas atoms has not previously b
considered, however. We show in Fig. 3 the potential ene
surface for Ne2 evaluated using PW91 and that obtain
experimentally,37 a surface which is known as ‘‘HFD-B.’
Both surfaces are fitted by the universal38 covalent potential

Vcov52E0~11a!e2a, a5a~R2Rm!, ~2!

and the basic van der Waals exp-6 potential
Buckingham,35

VvdW5Ae2aR2BR26, ~3!

which can be improved if necessary.38,39 It is clear from the
figure that the van der Waals potential fits the experime
data while the covalent potential fits the PW91 results. T
PW91 well depth is also four times too deep; while th
result appears poor, it is actually much better than that
tained for other common density functionals,16 and PW91 is
Downloaded 29 May 2002 to 129.78.64.101. Redistribution subject to A
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in fact the only functional known to reproduce the equili
rium bond length and the shape of the well region at
satisfactorily. Our conclusion is that, while PW91 has be
shown36 to reproduce properties of some van der Waals s
tems, it does so empirically using covalent terms to mim
van der Waals ones and so is not expected to be gene
reliable. The Au~111!–NH3 potential is shown in the inser
of Fig. 3 for one conformation of the ammonia pair on t
(333) gold surface. The energy profile can equally be fitt
by the covalent and van der Waals formulas indicating t
this empirical process is indeed pertinent to the PW91 tre
ment of the gold–ammonia interaction.

To further evaluate the strengths and weaknesses of
computational approach, we have examined in detail28 the
bonding in the AuNH3 complex using PW91 with and with
out the use of ultrasoft pseudopotentials, and with and w
out spin–orbit coupling corrections, as well as with extens
coupled-cluster CCSD~T! ~Ref. 40! calculations. The results
indicate that PW91 overestimates binding energies by 1
compared to CCSD~T!, that spin–orbit coupling produces a
equal but opposite effect, and that use of the ultras
pseudopotentials causes the binding to be underestimate
25%. The increased binding due to spin–orbit coupling
curs asd→p excited states of gold which covalently bond
ammonia are mixed into the ground state. This effect may
specific to heavy metals such as gold and appears unne
sary to explain the binding in silver-ammonia and silve
water complexes.41 Ultrasoft pseudopotentials have bee
shown to produce excellent molecular geometries, both
general42 and for gold–ammonia clusters,28 but to our
knowledge there has been no systematic studies of thei
fects on binding energies. It is likely that the effects are m
severe for light, electron dense atoms such as nitrogen,

FIG. 3. The potential energy of Ne2 from the experimental HFD-B surface
~Ref. 37! ~open circles! and from PW91~filled circles!, fitted using the
covalent and van der Waals~exp-6! functions. The insert shows the PW9
energy of one atop configuration of the ammonia bound to the (333) cell of
gold ~111! as a function of extension of the gold to nitrogen separationRand
its essentially equivalent fits to the two functional forms.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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may be overcome using the recently developed proje
augmented-wave~PAW! method.42 In summary, the VASP
ultrasoft-pseudopotential PW91 binding energy for the co
plex was found to be only 75% of the best-estimate val
Here, this method prediced an ammonia to Au~111! adsorp-
tion energy of 34 kJ mol21 ~see Table I!. Based on the anal
ogy to the cluster calculation, we would anticipate the a
sorption energy to underestimated by;10 kJ mol21.
Experimentally, the well depth at zero coverage has b
estimated from thermal desorption spectra6,7 as 32–42
kJ mol21 and so the calculated and experimental data ar
reasonable agreement.

The cluster studies28 also showed that, of all the densit
functionals considered including B3LYP,43 only PW91 pro-
duced a potential-energy surface of reasonable shape, th
the binding at large distances was significantly enhanc
Also, its binding energy at the equilibrium geometry was
far the closest to the best-estimate value. Hence PW91
shown to be the optimal method available for studying a
monia bonded to Au~111!.

Finally, we have also calculated the PW91 and CCSD~T!
surfaces for a gold atom interacting with ammonia with t
ammonia inverted in the ‘‘flipped’’ geometry with its hydro
gens facing the gold atom. This potential surface ha
minima nearR 5 2.85 Å. At this Au-N separation, the
CCSD~T! energies for the nitrogen-facing and flipped is
mers are 31 and 17 kJ mol21, respectively, while the corre
sponding PW91 values are 39 and 31 kJ mol21. Hence we
see that the medium-range parts of the potential surfaces
not dominated by strong orientational effects usually ass
ated with charge-transfer or covalent bonding, with PW91
fact showing less chemical effects than CCSD~T!. Further,
neither isomer shows bonding at the Hartree–Fock level
hence it is clear that the major bonding arises from elect
correlation effects such as dispersion.

The binding of the flipped structure to the surface
shown in Table I and is 9 kJ mol21, much less than the
PW91 value obtained for the AuNH3 complex of 31
kJ mol21, though the equilibrium bond length is only slight
larger. A major contribution to the difference is likely to b
enhanced exchange repulsions between the hydrogens
the other gold atoms on the surface. Also, the binding en
gies for the bridge, fcc, and hcp sites shown in Table I
much lower than those for the top site. This could be int
preted as being due to a decrease in chemisorption du
unfavorable bonding interactions with the gold. Altern
tively, it could be due to increased exchange repulsion fo
ing the bond lengths out to the calculated values of;3.4 Å.
At this bond length, the London dispersion terms would
an order of magnitude weaker than those for the top bind
site and hence the rather weak bondings can be interpr
without the need to evoke strong chemical binding effect

In conclusion, geometries and binding energies for a
monia adsorption on the Au~111! surface have been calcu
lated for low and moderate coverages. Results of the pre
work compare reasonably with those arising from the th
retical calculations involving the interactions of NH3 with
other metal substrates. The adsorption energies and cha
in the work function, while small, reproduce the availab
Downloaded 29 May 2002 to 129.78.64.101. Redistribution subject to A
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experimental data. Only weak changes are observed in
calculated electronic properties of the system. While the te
‘‘weak chemisorption’’ is frequently used4–7 to describe the
interaction between ammonia and gold, at least for
chemically inert Au~111! surface no evidence that suppor
this point of view has been found. Rather, the bonding
pears to be primarily dispersive in nature, with a quantifia
contribution arising also from charge polarization. PW91
found to represent this dispersive interaction empirically
reasonably accurately.
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