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Electronic structure calculations (DFT) suggest that the series of hydrido-bridged binary coinage

metal clusters with general formulae cyclo-CunAg3�n(m2-H)n (n = 1–3), cyclo-CunAg4�n(m2-H)n
(n = 1–4) and cyclo-CunAg5�n(m2-H)n (n = 1–5) are stable entities. The aromaticity of these

bimetallic systems was explored by employing a number of established criteria such as the

nucleus-independent chemical shift, the hardness, Z, and the electrophilicity index, o. Aromaticity

decreases upon increasing the number of Cu atoms in the metallic ring core structure or

increasing its size. The structural, energetic, spectroscopic (IR, NMR, UV-Vis) and electronic

properties of these novel classes of inorganic compounds characterized by a common ring-shaped

electron density are thoroughly analyzed. The hydrido-bridged binary coinage metal clusters

exhibit a composite bonding mode involving both s-, p- and d-type components. Noteworthy is

the presence of p-type MOs resulting from the bonding interaction of nd AOs of the metal atoms,

delocalized over the entire metallic framework analogous to the p-type MOs of the aromatic

hydrocarbons.

1. Introduction

Coinage metals have a strong tendency to cluster together

forming a wide variety of cyclic polynuclear complexes with

metal–metal distances shorter than the sum of their van der

Waals radii.1 Copper(I) centers form a large variety of

organocopper(I) compounds2–4 bearing a cyclic polynuclear

metal core, the most representative example being the cyclic

Cu4R4 tetramers (R = alkyl).5 The same holds also true for

the other two congeners e.g.Ag(I) and Au(I). A vast number of

organosilver(I) and organogold(I) compounds formulated as

MnLn (M = Ag or Au; L = bridging ligand) has been

reported so far.6–8 The cyclic polynuclear coinage metal

clusters are characterized by perfect planarity of their core

metallic ring structure as well as by high stability.

Attractive d10–d10 bonding interactions seem to support the

self-association of the Cu(I), Ag(I) and Au(I) complexes to

form three-, four- and five-membered metal rings and the

terms cuprophilicity, argentophilicity and aurophilicity have

been used to describe these closed-shell metal–metal interac-

tions.9–12 However, we have recently demonstrated that a

series of hydrido-bridged planar cyclic hydrocopper(I),13 hy-

drosilver(I) and hydrogold(I)14 analogues of aromatic hydro-

carbons are aromatic molecules characterized by a common

ring-shaped electron density involving s-, p- and d-type
delocalization of the transition metal d-electrons. A quantita-

tive evidence of d-orbital aromaticity in square-planar coinage

metal clusters was provided by Schleyer et al.15,16 These

findings expand the concept of aromaticity, more commonly

seen for organic molecules, to the realm of all-metal sys-

tems17,18 with structures resembling those of the aromatic

hydrocarbons. The fascinating properties of such systems span

not only the concepts of metalloaromaticity and metallophilic

bonding but also other fundamental areas such as acid–base

chemistry, supramolecular assemblies, M–M-bonded

excimers, host–guest chemistry, luminescence, etc.19 Surpris-

ingly, cyclic polynuclear complexes containing the Cu–Ag

interaction are very rare whereas M–M (M = Cu, Ag or

Au), Cu–Au and Ag–Au interactions are very common.20

In this context, we address here a number of important

issues related to the molecular and electronic structures,

stabilities, bonding features, and spectroscopic properties of

a series of hydrido-bridged binary coinage metal clusters with

general formulae cyclo-CunAg3�n(m2-H)n (n = 1–3), cyclo-

CunAg4�n(m2-H)n (n = 1–4) and cyclo-CunAg5�n(m2-H)n
(n = 1–5).

2. Computational details

The structural, electronic, and energetic properties of all

compounds were computed with Becke’s three parameter

hybrid functional21,22 combined with the Lee–Yang–Parr cor-

relation functional,23 abbreviated as B3LYP, using the

LANL2DZ basis set for Ag atom and the 6-31G(d,p) for all

other atoms. In all computations no constraints were imposed

on the geometry. Full geometry optimization was performed

for each structure using Schlegel’s analytical gradient meth-

od24 and the attainment of the energy minimum was verified

by calculating the vibrational frequencies that result in absence

of imaginary eigenvalues. The natural bond orbital (NBO)

population analysis was performed using Weinhold’s metho-

dology.25,26 Magnetic shielding tensors have been computed
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with the GIAO (gauge-including atomic orbitals) method,27,28

as implemented in the GAUSSIAN03 series of programs

employing the B3LYP level of theory. Nucleus independent

chemical shift (NICS) values were computed at the B3LYP/

LANL2DZ level according to the procedure described

by Schleyer et al.29 The magnetic shielding tensor element

was calculated for a host atom located at the center of the

ring. Time-dependent density functional theory (TD-

DFT)30–32 calculations were performed on the equilibrium

ground-state geometries employing the same density func-

tionals and basis sets used in geometry optimization. All

calculations were performed using the GAUSSIAN03 suite

of programs.33

3. Results and discussion

3.1 Equilibrium geometries

The equilibrium geometries of the hydrido-bridged binary

coinage metal clusters, cyclo-CunAg3�n(m2-H)n (n = 1–3),

cyclo-CunAg4�n(m2-H)n (n = 1–4) and cyclo-CunAg5�n
(m2-H)n (n = 1–5) are given in Fig. 1, 2 and 3, respectively.

It can be seen that the cyclic trinuclear and tetranuclear

hydrometals adopt a perfect planar configuration. The trian-

gular core structures of the parent hydrido-bridged homo-

nuclear, cyclo-Cu3(m2-H)3, 1 and cyclo-Ag3(m2-H)3, 4, species

correspond to perfect equilateral triangles, while those of the

heteronuclear cyclo-Cu2Ag(m2-H)3, 2 and cyclo-CuAg2(m2-H)3,

3, ones to isosceles triangles. The 4-membered all-metal ring

structural core in the homonuclear cyclo-Cu4(m2-H)4, 5 and

cyclo-Ag4(m2-H)4, 10, species corresponds to a perfect square,

while in the heteronuclear species 6–9, adopts a diamond-

shaped rhombic geometry. Finally, in the pentanuclear clus-

ters the five metal ring atoms are coplanar forming a perfectly

planar 5-membered metallic ring core structure. Exceptions

are compounds 11, 12 and 13 where the RMS deviation (root

mean square deviation from a least squares plane fitted to the

five metal atoms of the ring) is 0.069, 0.063 and 0.055 Å,

respectively. The RMS deviation vanishes upon increasing the

number of silver(I) atoms in the metallic ring. The computed

metal–metal, M–M distances were found in the range of

2.773–2.858 Å, 2.370–2.509 Å and 2.581–2.693 for Ag–Ag,

Cu–Cu and Cu–Ag bonds, respectively. The Cu–Cu, Ag–Ag

and Cu–Ag distances are less than those expected by the

sum of the van der Waals radii for Cu and Ag (280.0 pm

and 344.0 pm, respectively).34 The computed Cu–H and

Ag–H bond lengths of the hydrido-bridges found in the

regions of 1.600–1.672 Å and 1.784–1.944 Å, respectively,

decrease when going from the three- to the five-membered

all-metal rings.

Fig. 1 Equilibrium geometries of the cyclo-CunAg3�n(m2-H)n
(n = 1–3) metal clusters computed at the B3LYP/6-31G(d,p) ,
LANL2DZ(Ag) level.

Fig. 2 Equilibrium geometries of the metal clusters, cyclo-

CunAg4�n(m2-H)n (n = 1–4) metal clusters computed at the B3LYP/

6-31G(d,p) , LANL2DZ(Ag) level.
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3.2 Stability

The stability of the cyclic hydrometals is examined with

respect to their dissociation to (i) MH monomers, (ii) free M

and H atoms in their ground states, and (iii) the standard

states of their elements, e.g. M and H2. The calculated binding

energies are given in Table 1.

It can be seen that all cyclic hydrometals are predicted to be

bound with respect to their dissociation either to the MH

monomers or to free M and H atoms in their ground states.

Such strong interactions (DE1/MH= 21–69 kcal mol�1) could

not be accounted for by the weaker metallophilic interactions

(amounted to 7–12 kcal mol�1).10 Thereby it is the cyclic

electron density delocalization over the ‘‘all-metal’’ aromatic

ring that stabilizes the cyclic hydrometals. Moreover, the

formation of the hydrido-bridged binary coinage metal clus-

ters from their elements M(s) and H2(g) corresponds to an

exothermic process. The computed exothermicities, found in

the range of �55.2 to �260.3 kcal mol�1, increase upon

increasing the number of Cu(I) atoms in the metallic ring core

structure. Thus, the computed exothermicity for the formation

of the cyclo-Cu5(m2-H)5, 11 species is �260.3 kcal mol�1, while

that for the corresponding silver(I) analogue, cyclo-Ag5
(m2-H)5, 18, amounts to only �143.6 kcal mol�1.

3.3 Electronic and bonding properties

The most relevant molecular orbitals of the cyclo-Cun
Ag3�n(m2-H)n (n = 1–3) species are given in Fig. 4. The

corresponding MOs of the cyclo-CunAg4�n(m2-H)n (n = 1–4)

and cyclo-CunAg5�n(m2-H)n (n = 1–5) species are given in Fig.

S1 and S2, respectively in the ESI.w
Perusal of Fig. 4 reveals that the metallacycle ring core

structures exhibit a composite bonding mode involving s-, p-,
and d-type components. It is important to be noticed that in

the homonuclear species 1 and 4, there exist highly delocalized

over the entire metallic ring, e.g. HOMO-2 and HOMO-8 (d-
MOs), HOMO-13 (p-MO) and HOMO-14 (s-MO), resulting

from bonding interactions of the appropriate (n � 1)d AOs of

the ring metal atoms. In addition, a highly delocalized s-MO

(HOMO-26) is constructed from the in-phase interactions

between the np AOs of the ring metal atoms (nps–nps
interactions). In the heteronuclear species 2 and 3, the

HOMO-13 (p-MO)—resulting from ndp–ndp bonding inter-

actions—is mainly localized on the Ag(I) atoms of the metallic

ring. Analogous, highly delocalized over the entire metallic

ring, MOs are also observed in the tetranuclear and penta-

nuclear clusters, cyclo-CunAg4�n(m2-H)n (n = 1–4) and cyclo-

CunAg5�n(m2-H)n (n = 1–5) (Fig. S1 and S2w). The cyclic

delocalization of the electron density which supports a ring

current is reminiscent of aromaticity, usually observed for

aromatic hydrocarbons.

The stability of the hydrido-bridged binary coinage metal

heterocycles is also reflected on the large HOMO–LUMO

energy gap, e(lumo–homo) (Table 2). According to the computed

HOMO–LUMO energy gap the most stable species are pre-

dicted to be the 5-membered metallic ring followed by the 4-

and 3-membered rings. Moreover, the heteronuclear metal

ring core structures are predicted to be less stable than the

homonuclear ones. The extent of aromaticity of the hydrido-

bridged binary coinage metal heterocycles is also reflected on

the electrophilicity index o values (Table 2) given by the

equation35 o = m2/2Z, where Z is the hardness and m the

chemical potential calculated by the expressions (eLUMO �
eHOMO)/2 and (eLUMO + eHOMO)/2, respectively. The electro-

philicity index o is considered to be a measure of the electro-

philic character of a molecule. Finally, no significant

differences could be observed in the values of the electronic

chemical potential, m, which is considered as the opposite of

the electronegativity, w (m = �w).36 It is worth to be noticed

that the computed values for o, Z or m do not follow any

specific trend relative to the size or the nature of the species

1–18.

Fig. 3 Equilibrium geometries of the cyclo-CunAg5�n(m2-H)n
(n = 1–5) metal clusters computed at the B3LYP/6-31G(d,p) ,
LANL2DZ(Ag) level.
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3.4 Vibrational spectra

The most characteristic infrared active vibrational modes of

the 3-membered ‘‘all-metal’’ heterocycles along with the nor-

mal coordinate vectors (arrows) are shown in Fig. 5.

The harmonic vibrational frequencies and the IR intensities

of all the cyclo-CunAg3�n(m2-H)n (n = 1–3), cyclo-Cun
Ag4�n(m2-H)n (n = 1–4) and cyclo-CunAg5�n(m2-H)n (n =

1–5) species are listed in detail in the ESI (Table S1 and Fig.

S3–S5w). In general, the most intense bands of all the hydrido-

bridged coinage metal heterocycles are related with the hydri-

do bridges. Thus, the bands in the region of 536–613 cm�1

correspond to the out-of-plane bending of the bridging H

atoms. In addition, there are bands in the regions of

1011–1192 cm�1, 1201–1295 cm�1 and 1320–1442 cm�1 corre-

sponding to the in-plane bending of the bridging H atoms. In

summary the vibrational modes of the binary copper–silver

heterocycles could assist experimentalists in identifying the

respective hydrometal heterocycles.

3.5 Electronic spectra

The principal singlet–singlet electronic transitions, excitation

energies, wave lengths, oscillator strengths and transition

Table 1 Binding energies DE1, DE2, and DE3 of the cyclo-Cun
Ag3�n(m2-H)n (n = 1–3), cyclo-CunAg4�n(m2-H)n (n = 1–4) and
cyclo-CunAg5�n(m2-H)n (n = 1–5), calculated at the B3LYP/6-
31G(d,p) , LANL2DZ(Ag) level

Species
DE1

a/kcal
mol�1

DE2
b/kcal

mol�1
DH3

c/kcal
mol�1

cyclo-Cu3(m2-H)3 1 –95.5 –293.7 –126.7
cyclo-Cu2Ag(m2-H)3 2 –83.6 –268.7 –101.8
cyclo-CuAg2(m2-H)3 3 –72.4 –244.8 –77.8
cyclo-Ag3(m2-H)3 4 –62.6 –222.2 –55.2
cyclo-Cu4(m2-H)4 5 –159.1 –423.3 –200.6
cyclo-Cu3Ag(m2-H)4 6 –146.4 –397.8 –175.1
cyclo-Cu2Ag2(m2-H)4 7 –135.1 –373.6 –150.9
cyclo-Cu2Ag2(m2-H)4 8 –134.4 –372.9 –150.2
cyclo-CuAg3(m2-H)4 9 –124.5 –350.1 –127.4
cyclo-Ag4(m2-H)4 10 –115.2 –327.9 –105.2
cyclo-Cu5(m2-H)5 11 –208.3 –538.6 –260.3
cyclo-Cu4Ag(m2-H)5 12 –196.5 –513.9 –235.5
cyclo-Cu3Ag2(m2-H)5 13 –185.5 –490.0 –211.7
cyclo-Cu3Ag2(m2-H)5 14 –185.0 –489.6 –211.2
cyclo-Cu2Ag3(m2-H)5 15 –175.1 –466.8 –188.4
cyclo-Cu2Ag3(m2-H)5 16 –174.5 –466.2 –187.8
cyclo-CuAg4(m2-H)5 17 –165.1 –443.9 –165.6
cyclo-Ag5(m2-H)5 18 –156.0 –421.0 –143.6

a DE1 = E(MnHn) � nE(MH). b DE2 = E(MnHn) � [nE(M) +

nE(H)]. c DE3 = E(MnHn) � [nE(M) + (n/2)E(H2)].

Fig. 4 The most-relevant valence MOs of the cyclo-CunAg3�n(m2-H)n (n = 1–3) species.

Table 2 Selected electronic parameters of the cyclo-CunAg3�nHn (n
= 1–3), cyclo-CunAg4�nHn (n = 1–4) and cyclo-CunAg5�nHn (n =
1–5), calculated at the B3LYP/6-31G(d,p) , LANL2DZ(Ag) level

Species eHOMO eLUMO e(LUMO–HOMO) m Z o

1 �6.24 �1.44 4.80 �3.84 2.40 3.07
2 �6.09 �2.07 4.02 �4.08 2.01 4.14
3 �6.23 �2.03 4.20 �4.13 2.10 4.06
4 �6.70 �1.83 4.87 �4.27 2.44 3.73
5 �6.59 �1.61 4.98 �4.10 2.49 3.38
6 �6.65 �1.79 4.86 �4.22 2.43 3.66
7 �6.67 �1.90 4.77 �4.29 2.39 3.84
8 �6.62 �1.91 4.71 �4.27 2.36 3.85
9 �6.76 �1.98 4.78 �4.37 2.39 4.00
10 �7.21 �2.03 5.18 �4.62 2.59 4.12
11 �6.89 �1.93 4.96 �4.41 2.48 3.92
12 �6.87 �1.92 4.95 �4.40 2.48 3.89
13 �6.86 �1.85 5.01 �4.36 2.51 3.78
14 �6.86 �1.92 4.94 �4.39 2.47 3.90
15 �6.84 �1.83 5.01 �4.34 2.51 3.74
16 �6.91 �1.87 5.04 �4.39 2.52 3.82
17 �6.96 �1.80 5.16 �4.38 2.58 3.72
18 �7.51 �1.74 5.77 �4.63 2.89 3.70
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Fig. 5 Infrared active vibrational modes of the 3-membered ‘‘all-metal’’ heterocycles along with the normal coordinate vectors (arrows).

Table 3 Principal electronic transitions, excitation energy (E), wavelengths (l), oscillator strengths (f) and transition dipole moments (m) for the
cyclo-CunAg3�n(m2-H)n (n = 1–3), cyclo-CunAg4�n(m2-H)n (n = 1–4) and cyclo-CunAg5�n(m2-H)n (n = 1–5) species computed at the B3LYP/6-
31G(d,p) , LANL2DZ(Ag) level

Species E/eV l/nm f (a.u.) Excitationa m (a.u.)

1 4.8076 258 0.081 H-4 - L + 2, H-3 - L + 2 0.64
3.8363 323 0.039 H-1 - L + 1, H - L 0.83

2 5.1691 240 0.109 H-3 - L + 1, H-1 - L + 2, H - L + 3 0.66
3.9695 312 0.043 H - L + 2 0.93

3 5.3402 232 0.333 H-6 - L, H-1 - L + 3 1.07
4.7587 261 0.134 H-5 - L, H-3 - L + 2, H - L + 3 1.60

4 5.2994 234 0.314 H-1 - Lv3, H - Lv3 1.01
4.3133 287 0.107 H-1 - L, H - L + 1 1.55

5 4.3457 285 0.215 H - L + 2, H-8 - L 1.42
6 4.0269 308 0.105 H - L 0.34
7 4.6584 266 0.155 H-1 - L + 2, H-4 - L 1.17

5.2899 234 0.293 H-9 - L + 1, H-1 - L + 2 1.34
8 4.5428 272 0.102 H-4 - L, H - L + 2 0.96

3.9882 311 0.175 H - L 1.50
5.3665 231 0.240 H-4 - L + 2, H-1 - L + 2, H - L + 3 1.06

9 4.6470 267 0.146 H - L + 2, H-2 - L 1.13
4.0726 304 0.112 H - L 1.35
6.2506 198 0.037 H-6 - L, H-3 - L + 1 0.97

10 5.3077 234 0.442 H - L + 2 1.84
4.6105 269 0.114 H-1 - L 0.49

11 4.1311 300 0.133 H - L 1.15
12 4.1907 296 0.148 H-2 - L 1.20

4.8441 256 0.125 H-1 - L + 2, H-6 - L + 1 1.02
13 4.9820 249 0.021 H-2 - L + 2, H-11 - L 0.31

4.0856 303 0.010 H - L 0.41
14 4.8424 256 0.148 H - L + 3, H-1 - L + 2 1.30

4.2138 294 0.174 H-1 - L 1.12
15 4.8551 255 0.141 H - L + 3, H-1 - L + 2 0.95

4.3593 284 0.096 H-1 - L, H-6 - L 1.09
16 4.8487 256 0.109 H-1 - L + 2, H - L + 3 1.22

4.2333 293 0.154 H - L 0.96
5.5284 224 0.210 H-3 - L + 2 0.95

17 4.9765 249 0.073 H-1 - L, H-5 - L 0.77
4.3235 287 0.095 H - L 1.25

18 5.7336 216 0.386 H-3 - L + 2, H-2 - L + 3 1.66

a H and L stand for HOMO and LUMO, respectively.

856 | New J. Chem., 2007, 31, 852–859 This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2007
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dipole moments for the cyclo-CunAg3�n(m2-H)n (n = 1–3),

cyclo-CunAg4�n(m2-H)n (n = 1–4) and cyclo-CunAg5�n(m2-H)n
(n = 1–5) species calculated with the TD-DFT at the B3LYP/

6-31G(d,p),LANL2DZ(Ag) level, are given in Table 3.

The TD-DFT computed electronic absorption spectra of

hydrido-bridged binary coinage metal heterocycles under con-

sideration are given in Fig. 6.

Inspection of Table 3 and Fig. 6 reveals that all excitations

occur in the ultraviolet region. The electronic spectra of the

triangular hydrido-bridged coinage metal heterocycles are

dominated by two absorption bands i.e. one strong band in

the region of 232–273 nm and another weaker band in the

region of 261–323 nm. In general, a red shift is observed upon

replacing Cu atoms with Ag atoms in the ring of the cyclo-

CunAg3�n(m2-H)n (n = 1–3) metal clusters. On the other hand,

the electronic spectra of the tetranuclear cyclo-CunAg4�n
(m2-H)n (n = 1–4) species fall into two categories: (a) species

5–7 with electronic spectra characterized mainly by one strong

band in the region 266–308 nm and (b) species 8–10 whose

electronic spectra are characterized by one strong band in the

region 230–235 nm and two weaker bands. Noteworthy also is

the presence of a shoulder in the electronic spectra of species 6

and 7 in the region of 240–260 nm in contrast to the electronic

spectrum of 5 where no such shoulder exists.

The electronic spectra of the pentanuclear cyclo-Cun
Ag5�n(m2-H)n (n = 1–5) species are characterized by two

strong bands with the exception of the homonuclear cyclo-

Cu5(m2-H)5, 11, and Ag5(m2-H)5, 18, metal clusters whose

spectra exhibit only one strong band. Finally, in the electronic

spectra of the cyclo-CuAg4(m2-H)5, 17 species three instead of

two characteristic bands exist.

3.6 NMR spectra and aromaticity

In order to check if the hydrido-bridged coinage metal hetero-

cycles are aromatic or antiaromatic molecules we have esti-

mated the nucleus independent chemical shifts, NICS(0) and

NICS(1) given in Table 4. The NICS values were proposed by

Schleyer et al.29 as a magnetic criterion of aromaticity. Perusal

of Table 4 reveals that the 3- and 4-membered hydrido-bridged

coinage metal heterocycles posses significant aromatic char-

acter (NICS(0) values in the range of �5.0 to �14.7 ppm),

while the 5-membered hydrido-bridged coinage metal hetero-

cycles exhibit negligible aromaticity and therefore could be

considered as non aromatic ‘‘all-metal’’ heterocycles. The

absolute 63Cu and 109Ag isotropic shielding tensor elements

are consistent with the charge density distribution on the

metal atoms. The Ag atoms in the ring introduce a shielding

on the Cu atoms which increases significantly upon increasing

the Ag hetero-atoms in the rings. On the other hand, the
109Ag isotropic shielding tensor elements seem to be unaffected

by substitution of Ag atoms of the rings by Cu hetero-

atoms. The 109Ag isotropic shielding tensor elements are

found in the range of 259–267 ppm. The 1H NMR chemical

shifts (d, ppm) computed from the difference between the

shielding of the reference TMS standard and the shielding

of the molecule of interest, d = sref � s are also given in

Table 4.

It can be seen that the hydride ligands of the species that

exhibit remarkable aromatic character quantified by the

NICS(0) and NICS(1) values are paramagnetically deshielded

as it is the case for the protons in the aromatic organic

analogues.

Fig. 6 Electronic absorption spectra of hydrido-bridged binary coin-

age metal heterocycles computed by TD-DFT at the B3LYP/6-

31G(d,p) , LANL2DZ(Ag) level.
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4. Conclusions

In this paper we have reported a comprehensive DFT study

of the structural, energetic, spectroscopic (IR, NMR, UV-Vis),

electronic and bonding properties of a new series of

model ‘‘all-metal’’ binary coinage metal heterocycles. These

novel classes of inorganic compounds can be considered

as the archetypes for the development of whole classes of

new ‘‘all-metal’’ inorganic aromatic heterocyclic species

(substituted derivatives) resulting from substitution of the H

atoms by other groups, such as alkyls (R) and aryls

(Ar), halides (X), amido (NR2), hydroxide (OH) and alkoxides

(OR) etc.

The results can be summarized as follows:

All cyclo-CunAg3�n(m2-H)n (n = 1–3), cyclo-CunAg4�n
(m2-H)n (n = 1–4) and cyclo-CunAg5�n(m2-H)n (n = 1–5)

species predicted to be stable molecules have a structure

analogous to the corresponding heterocyclic aromatic organic

analogues, which is characterized by perfect planarity. The

planar ‘‘all-metal’’ binary coinage metal heterocycles are pre-

dicted to be strongly bound molecules with respect to their

dissociation either to the MH monomers or to free M and H

atoms in their ground states. The computed total binding

energies of the MH monomers to form the cyclo-MnHn species

are found in the range of 62.6–208.3 kcal mol�1.

Based on the predicted stability of the ‘‘all-metal’’ binary

coinage metal heterocycles with respect either to the constitu-

ent atoms or to the standard states of their elements one would

expect such species to be formed in MS of binary Cu–Ag

vapor sputtered with hydrogen or by the normal spectroscopic

approach of deposition of the Cu–Ag alloy in a hydrogen

matrix.

The bonding of cyclo-CunAg3�n(m2-H)n (n = 1–3), cyclo-

CunAg4�n(m2-H)n (n = 1–4) and cyclo-CunAg5�n(m2-H)n (n =

1–5) species is characterized by a common ring-shaped elec-

tron density, more commonly seen in organic molecules, which

is constructed by highly delocalized s-, p- and d-type MOs.

We have also reported the computed spectroscopic proper-

ties (IR, NMR, UV-Vis and photoelectron) of the ‘‘all-metal’’

binary coinage metal heterocycles in order to assist in identify-

ing the respective aromatic ‘‘all-metal’’ compounds and to

help with future laboratory studies. A complete assignment of

the most characteristic infrared absorption bands is given,

while the aromaticity of the ‘‘all-metal’’ heterocycles was

estimated by making use of several criteria for aromaticity,

such as the NICS(0) and NICS(1) parameters and the electro-

philicity index o. The principal singlet–singlet electronic tran-
sitions, excitation energies and oscillator strengths of the ‘‘all-

metal’’ aromatic binary coinage metal heterocycles were cal-

culated with the TD-DFT using the B3LYP functionals and

the assignment of the electronic transitions is given.
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