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Let us discuss the geometrical changes on the metal
clusters due to the interaction with the ammonia molecule.
Table 1 lists the bond length and bond angles of the bare
metal clusters. The M-M bond distances of M

2
 and M

3

clusters slightly increase owing to the lone-pair electrons
dative to the antibonding orbitals of the M-M bonds. The
strong interaction between the ammonia and the M

4
 clusters

results in a large change of the geometries of the cluster.
For Cu

4
, the M-M bond distance increases from 2.45 to

2.52 Å. For Ag
4
 the bond length changes from 2.81 to 2.86

Å and from 2.77 to 2.92 Å for Au
4
. These results indicate

that the M-N bond leads to the large geometrical changes
at the M-M bond distances of M

4
.

The bond of the ammonia molecule to the metal clusters
can be compared with the pyridine-M

n
 systems. As shown in

Figures 1 to 3, the structures with ammonia are quite similar
to those with pyridine. For Cu

n
, Figure 1 indicates that the

bonds distances are practically the same. The biggest

difference is for Cu-N, were the bond length changes from
2.08 Å with ammonia to 2.10 Å with pyridine. For silver in
Figure 2, the distances for Ag

2
, Ag

3
 and Ag

4
 are practically

the same for both (ammonia and pyridine) but for the silver
atom the M-N distance changes considerably, from 2.46 for
ammonia to 2.57 Å for pyridine. As can be seen in Figure 3,
for Au

n
 the behaviour is alike. Bond distances are similar,

the biggest difference being on the M-N bond of Au, Au
2

and Au
3
. From these results it is possible to say that pyridine

and ammonia are comparable, and that their effects on the
geometries of the clusters are the same. Both molecules
present a donation interaction from the lone-pair of electrons
of the nitrogen atom. This charge transfer process changes
the geometry of the metal clusters. The similarity of the
structures of Py-Mn and NH

3
- Mn is a possible indication of

the small back donation interaction from the d orbital to the
fourth π type antibonding orbital of pyridine. This back
donation does not affect the bond between the metal and
the N atom of pyridine.

The photoelectron diffraction technique for pyridine
absorbed on Cu(110) reveals a N-Cu bond distance equal
to 2.00 Å.30 This value is also similar to the calculated N-
Cu bond distance of ammonia. For silver and gold there
are no direct experimental data for comparison. The
calculated bond distances for Py-M

n
 are fairly similar to

the values of NH
3
-M

n
. Both values are probably close to

the experimental values of chemisorption states. However,
since the M-N bond distances are practically the same for
both, pyridine and ammonia, the bond distance is not
enough to distinguish between the absorbate species.

Harmonic vibrational frequencies (Table 2) have been
obtained for the most stable structures. The M-N stretching
vibrational mode is also indicated in the Table. The
structures are minimum on the potential energy surfaces.
For Cu

4
NH

3
,
 
Au

3
NH

3
 and Au

4
NH

3
, one small imaginary

frequency was found (equal to 17i, 64i and 32i cm-1

respectively, see Table 2). Similar results were reported by
Mierzwicki et al.31 for Li atom, and Hashimoto et al.32 for
Na(NH

3
)

2
 and Na(NH

3
)

3
 complexes, where NH

3
 molecules

could rotate almost freely around the M-N bonds. The
imaginary frequency of Cu

4
NH

3
,
 
Au

3
NH

3
 and Au

4
NH

3
 also

Table 1. Bond length (in Å) and angles (in º) of the bare metal
clusters. All the calculations were obtained with LANDL2DZ and
B3LYP

Cu Ag Au

M
2

2.26 2.611 2.573
M

3
2.32 2.69 2.64

Angle 74 and 53 146 and 17 140 and 20
M

4
2.45 2.81 2.77

Angle 123 and 56 123 and 57 122 and 58

Figure 3. Optimized structures of Au
n
-NH

3
 (n= 1 to 4). Bond dis-

tances in Å. Mulliken atomic charges in italics. For comparison,
Au

n
-Py structures reported before are also shown. All the calcula-

tions with B3LYP/LANL2DZ.
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corresponds to the rotation of the NH
3
 molecule around

the M-NH
3
 bond. The Potential Energy Surface is very flat

and the imaginary frequency could be an artificial result
due to numerical errors. Therefore, it is safe to assume that
the geometries presented in Figures 1-3 and the energies
of these structures are quite similar to the minimum on the
potential energy surface.

Table 3 shows the M-N stretching vibrational mode of
NH

3
-M

2
 together with pyridine-M

2
 systems, previously

reported by Wu et al.13 Although the bond distances are quite
similar, all the values for pyridine systems are smaller than
those with ammonia due to the differences on the structures
of the ligands. These harmonic frequencies can be used to
differentiate the ligand that is bonded to the surface.

Energetics, atomic charges and molecular orbitals

The binding energies for M
n
 + NH

3
 → M

n
NH

3 
are

reported in Table 4. In all cases, the products of the reaction
are more stable than the reactants. For comparison, other
theoretical predictions and available experimental results15

are shown. The binding energies for monoligand
complexes of ammonia with metal atoms and clusters (M

n
,

with n from 1 to 4 atoms) are similar to those calculated by
other authors. In general, the theoretical values
overestimate the binding energies.

The binding energy increases with cluster size from
MNH

3
 to M

4
NH

3
, with the exceptions of Cu

3
NH

3
 and

Cu
4
NH

3
, and Au

2
NH

3
 and Au

3
NH

3
, where the values are

roughly equal. Copper atom forms stronger bonds with
ammonia than silver or gold. The bond interaction between
Ag

n 
and ammonia is the weakest of all the systems. For the

dimers, gold forms stronger interactions with ammonia than
copper, whereas the trimers present similar binding
energies. For the tetramers, gold presents stronger
interactions than copper. There is a correlation between
the equilibrium M-N bond length and the binding energy.
For each system, the M-N bond distance decreases as the
strength of the bond increases. Also in Table 4, the binding
energies for pyridine-M

n
 systems are reported. They are

smaller than the corresponding for ammonia, indicating
that the metal-ammonia bond is stronger than the metal-
pyridine bond. Also for metal-pyridine systems, the

Table 2. Harmonic vibrational frequencies (in cm-1) for the most stable structures. The M-N stretching vibrational mode is underlined. The
M-N stretching vibrational mode connected with the distorsion of the metal cluster is indicated in bold-italic

CuNH
3

Cu
2
NH

3
Cu

3
NH

3
Cu

4
NH

3

322, 500, 504, 1088, 1684, 66, 67, 226, 380, 559, 561, 20, 31, 66, 125, 146, 213, 17i, 52, 64, 74, 103, 117, 142,
1685, 3416, 3599, 3600 1134, 1696, 1696, 3447, 399, 580, 594, 1163, 1699, 217, 225, 398, 591, 592, 1155, 1699,

3612, 3612 1700, 3460, 3617, 3619 1700, 3468, 3623, 3630

AgNH
3

Ag
2
NH

3
Ag

3
NH

3
Ag

4
NH

3

225, 418, 421, 936, 1684, 67, 68, 168, 281, 509, 510, 33, 47, 63, 73, 103, 153, 28, 32, 54, 61, 73, 83, 99, 152, 164,
1684, 3474, 3669, 3670 1047, 1695, 1695, 3478, 291, 532, 543, 1084, 1699, 297, 543, 549, 1082, 1698, 1699,

3655, 3656 1699, 3481, 3651, 3652 3485, 3653, 3657

AuNH
3

Au
2
NH

3
Au

3
NH

3
Au

4
NH

3

248, 516, 523, 985, 1679, 57, 59, 165, 354, 667, 668, 64i, 37, 50, 82, 86, 145, 32i, 11, 29, 43, 54, 64, 90, 146, 153,
1680, 3483, 3672, 3673 1190, 1698, 1699, 3464, 358, 673, 684, 1209, 1699, 367, 684, 689, 1207, 1699, 1701,

3620, 3622 1700, 3467, 3619, 3619 3471, 3622, 3625

Table 4. Binding energies (kcal mol-1) for monoligand complexes
of ammonia with metal atoms and clusters (from 2 to 4 atoms). For
comparison, other theoretical predictions and available experimen-
tal results are shown. Pyridine-Mn previous results are included. All
calculations with B3LYP and LANL2DZ

System This work Experiment15 Other Pyridine-M
n

13

theoretical
values14,17

CuNH
3

16.8 ≤ 11 13.1
Cu

2
NH

3
24.6 20 ±1 23.5 Cu

2
-Py 21.4

Cu
3
NH

3
29.5 28.4 Cu

3
-Py 26.9

Cu
4
NH

3
29.8 27.5 Cu

4
-Py 26.7

AgNH
3

9.0 ≤ 9.5 9.0
Ag

2
NH

3
16.8 15 ±1 16.8 Ag

2
-Py 11.5

Ag
3
NH

3
19.1 19.1 Ag

3
-Py 13.8

Ag
4
NH

3
21.6 21.6 Ag

4
-Py 16.3

AuNH
3

9.2 13.9
Au

2
NH

3
30.9 Au

2
-Py 25.7

Au
3
NH

3
29.8 Au

3
-Py 25.2

Au
4
NH

3
32.1 Au

4
-Py 27.6

Table 3. M-N stretching vibrational mode (in cm-1) of NH
3
-M

2
 and

pyridine-M
2
, previously reported by Wu et al.13 Experimental val-

ues of pyridine adsorbed on the corresponding metal surface are
244, 235 and 260 cm-1, for copper, silver and gold, respectively

Cu
2
NH

3
Ag

2
NH

3
Au

2
NH

3

225, 380 167, 281 164, 354

Cu
2
Py Ag

2
Py Au

2
Py

154, 276 107, 192 137, 199
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binding energy increases with cluster size from M
2
NH

3
 to

M
4
NH

3
, with some exceptions. The results for Cu

3
-Py and

Cu
4
-Py are roughly equal, and the same is true for Au

2
-Py

and Au
3
-Py. The bond interaction between Ag

n 
and pyridine

is the weakest of all the systems. For the dimers, gold forms
stronger interactions with ammonia than copper, whereas
Cu

3
 presents a larger binding energy than Au

3
. For the

tetramers, gold presents stronger interactions than copper.
In general, the binding energies of metal atoms and clusters
with pyridine and ammonia are similar.

Figure 1 to 3 show the net atomic charges from
Mulliken population analyses. The analysis of the
NH

3
-M

n
 (M=Cu, Ag, Au; n=1-4) compounds shows that

there is a small charge transfer process from the NH
3

molecule to the metal atom or cluster, suggestive of a dative
bond formation. The analysis of the bond distances shows
that the charge transfer from NH

3
 to M

n
 weakens the M-M

bond. As a consequence, the M-M bond is shorter when
ammonia molecules are absent.

The metal atoms that are not connected to the N present
a negative charge. Binding of NH

3
 to Cu

3
, Ag

3
 and Au

3

results in a small charge transfer from the ligand to the
cluster, and a redistribution of the charges within the cluster.
For Cu

4
, Ag

4
 and Au

4
, the two atoms at the end of the short

diagonal carry positive charge while corresponding
negative charges reside on the two atoms of the long
diagonal. The N atom is negatively charged in free NH

3
.

Again, binding of NH
3
 to Cu

4
, Ag

4
 and Au

4
 results in a

small charge transfer from the ligand to the cluster, and a

redistribution within the cluster. Natural population atomic
charges reported before for M

4
NH

3
 (M=Cu and Ag) reaches

the same general conclusions.17

Little charge transfer is found for the interaction with
the Au(111) surface. As far as it can be seen from this
analysis, there is a small charge transfer from the ammonia
molecule to the metal clusters. As a consequence, the metal
clusters present a redistribution of the charge and this
could be important for the stabilization of the system. In a
surface, the redistribution of the charge should be less
significant. In this sense, the use of metal clusters as a
model of the surface may be an inadequate model. Besides,
there are size dependent properties on clusters (such as
binding energies and structures), that make these systems
very interesting but interfere with the idea of a model for
bulk properties, where there is not such dependence. The
chemistry of the metal clusters is interesting by itself since
their study is useful for the understanding of the chemical
reactivity. Clusters as a model of the surface are useful to
identify vibrational frequencies, but caution is required
when we want to analyse different situations, like the charge
transfer process.

The molecular orbital pictures of MNH
3
, Cu

2
NH

3
 and

Cu
3
NH

3
 are shown in Figures 4 and 5. The general

appearance of the molecular orbitals is quite similar for all
of the systems. For this reason, the other molecular orbitals
are not reported (they are available upon request). For all
the systems, the lowest unoccupied molecular orbital
(LUMO) is a nonbonding orbital of the ammonia molecule.

Figure 4. Representative molecular orbitals picture of CuNH
3
, AgNH

3

and AuNH
3
.

Figure 5. Representative molecular orbitals picture of Cu
2
NH

3
 and

Cu
3
NH

3
.
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In Figure 4 is possible to see that the highest occupied
molecular orbital (HOMO), is an antibonding orbital
between the N and the metal atom. In Figure 5, the HOMO
for Cu

2
NH

3
 and Cu

3
NH

3
 is an antibonding orbital between

nitrogen and the metal atom, and a σ bonding orbital
between the metal atoms. The same results were found for
silver and gold dimers and trimers. Removing an electron
from these systems must reduce the bond distances between
N and metal atoms, and increase the M-M bond length. As
a general conclusion, the HOMO orbital is an antibonding
orbital between the metal cluster and the ammonia
molecule, and a bonding interaction in the cluster.

Cationic systems

Table 5 presents the results for the optimized cationic
systems. Bond distances and adiabatic ionizations potential
in eV are included. It is possible to see that the M-N bond
distances of the cationics are smaller than for the neutral
systems, whereas the M-M bond length of the cations is
larger than for the neutral. This agrees with the molecular
orbital pictures, were the HOMO is an antibonding orbital
between the N and the metal atoms, and a bonding orbital
between the metal atoms of the cluster. When one electron
is removed from this orbital, the antibonding is diminished
whereas the bonding interaction between the metal atoms
is increased. The ionization potential of these systems is a
size dependent property, as can be seen in Table 5. For the
metal atoms is smaller than for the dimer. For the trimer is
again smaller than for the dimer, and for the tetramer it is
larger than for the trimer. The maximum ionization energy
is for the dimer. Furthermore, the ionization energy of the
gold systems is the larger among all the clusters, due to the
strong relativistic effects. For copper and silver, the
ionization energy is similar.

Conclusions

The bond of the ammonia molecule to the metal
clusters can be compared with the pyridine-M

n
 systems.

The structures with ammonia are quite similar to those
with pyridine. The bonds distances are practically the same.
Both molecules present a donation interaction from the
lone-pair of electrons on nitrogen atom. This charge
transfer process changes the geometry of the metal clusters.
The similarity of the structures of Py-Mn and NH

3
- M

n
 is a

possible indication of the small back donation interaction
from the d orbital to the fourth π type antibonding orbital
of pyridine. This back donation does not affect the bond
between the metal and the N atom of pyridine.

The binding energy increases with cluster size from
MNH

3
 to M

4
NH

3
, with some exceptions. For each system,

the M-N bond distance decreases as the strength of the
bond increases. The binding energy for pyridine-M

n

systems is smaller than the corresponding for ammonia. As
a general conclusion, the HOMO orbital is an antibonding
orbital between the metal cluster and the ammonia
molecule, and a bonding interaction in the cluster.

Mulliken atomic charges show a small charge transfer
from the NH

3
 molecule to the metal atom or cluster,

suggestive of a dative bond formation. As a consequence,
the M-M bond is shorter when ammonia molecules are
absent. After the charge transfer from the ammonia
molecule, the metal clusters undergo a redistribution of
the charge and this could be important for the
stabilization of the system. In a surface, the redistribution
of the charge should be less significant. In this sense, the
use of metal clusters as a model of the surface may be an
inadequate model.
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