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The relative stabilities and molecular structures of (Cu2S)n clusters were investigated at the Becke3PW91/
6-311+G(d) level and with AIM. Three new (Cu2S)n clusters are revealed. Although all Cu-S covalent
bonds are confirmed, we find that Cu-Cu covalent bonding implied/assigned in graphical geometrical structures
simply on the basis of internuclear distance or overlap populations is not realized in most cases. The asymptotic
behavior of stabilization energy with increasing cluster size is explained on the basis of unit coordination.

Introduction

Metal-sulfide molecular clusters play an extremely important
role in inorganic and organic chemical processes. For example,
iron-sulfur, zinc-sulfur, and copper-sulfur clusters are found
in many proteins and serve as catalytic centers in biologically
important reactions of ligand exchange, charge transfer, and
oxidative degradation.1-5 In addition, compounds containing
ZnS, CdS, and CuS clusters have found novel uses in a variety
of industrial applications such as optical and optoelectronic
devices, photocatalysts and semiconductors.5-8 New methods
of growing Cu2S nanowires show promise in generating new
materials.9,10 A number of synthetic metal sulfides containing
Cu, Ag, and Hg, exhibit remarkable stability and do not degrade
in oxic acidic (pH 0-1) solutions11 and synthetic Zn-S clusters
have been shown to stoichiometrically suppress the acute
toxicity of Ag(I) to the water flea,Daphnia magna.12

Despite the importance of these species, especially in the
chemistry of natural organic matter, a detailed theoretical
understanding of the molecular structure, the bonding, of the
sulfide cluster complexes, the mechanisms of their reactions,
and factors that control their stability is lacking. Computational
studies are particularly challenging in this field, even for
relatively small clusters. Difficulties are encountered in accurate
computational studies for a number of reasons; large numbers
of electrons are involved and the proper treatment of spin state
coupling presents a challenging task.13,14 Relatively small
(Cu2S)n clusters withn < 6 have not been prepared to this point,
so a direct comparison of computational and experimental results
is not possible for these species. Even so, the experimental and
computational studies of a number of (Cu2S)n clusters together
with their phosphane-ligated complexes have been reported
recently.15-17 Geometries and relative energies of clusters up
to Cu20S10 have been studied at the ab initio level using effective
core potentials (ECPs). However, a full systematic study of the
molecular structure, the bonding, has not been carried out.
Currently bonding between atoms, the coordination, in structures
derived from graphical programs is assigned on the basis of
the average ranges of interatomic distances (or covalent radii

of atoms) and not on a rigorous theoretical basis such as
provided by atoms in molecules (AIM).18 Thus, the purpose of
our work was to study Cu2S (1) and the clusters Cu4S2 (2, 3, 4,
and5), Cu6S3 (6, 7, and8), Cu8S4 (9, 10, and11), Cu10S5 (12),
Cu12S6 (13), Cu16S8 (14 and15), and Cu20S10 (16) at a higher
level while including all electrons and to investigate the bonding
with AIM. We report our results in this publication and compare
our findings with those obtained using the ECP method.

Computational Methods

Equilibrium optimized geometries of1-16 were obtained at
the DFT Becke3PW91/6-311+G(d) level that includes the
Becke-Perdew-Wang (B3PW91) exchange-correlation poten-
tial19 as implemented in Gaussian 98.20 Unlike previous
investigations that involved the MP2 method with effective core
potentials (ECPs), we carried out all-electron DFT calculations
in order to obtain wave functions necessary for AIM analyses.
We chose a DFT method and the 6-311+G(d) basis set because
(a) the low computational cost would allow us to study large
clusters and (b) several studies21-23 established that it is
important to include polarization and diffuse functions especially
in post Hartee-Fock electron-correlation calculations because
small basis sets produce significant errors. As a check, we also
studied Cu2S at the MP2(FC)/6-31G(d), MP2(Full)/6-31G(d),
MP2(FC)/6-311+G(d) and MP2(Full)/6-311+G(d) levels. Ex-
cept for Cu2S, optimizations were performed in stages on the
clusters. Initial geometries were obtained with the MM+ force
field of HyperChem,24 with the molecular symmetries being set
at this stage. In the next step, optimizations were carried out at
the Becke3PW91/3-21G level with the SCF convergence
criterion set to 10-5 and a virtual orbital shift of 1 au applied.
In most cases, it was necessary to increase the SCF iteration
limit to 400. After an optimized geometry was obtained with
the small basis set, a refined geometry was obtained at the
6-311+G(d) level with the SCF convergence criterion set to
10-6. Single-point calculations with SCF)TIGHT were used
to obtain wave functions that were analyzed with the AIMPAC
suite of programs25 and AIM2000.26 Molecular graphs for1-16
obtained were with AIM2000 and are presented in Figure 1-6.
Where possible, we took advantage of the molecular symmetry
to decrease computational time. However, in the case of7, 8,
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9, 11, and13, calculations on the highest symmetry structures
failed, and the symmetry had to be reduced to achieve a result.
In these cases, structures very close to those expected for the
high-symmetry species were obtained with the differences in
interatomic distances being less than 0.001 Å.

Results and Discussion

To check the effect of varying the computational method and
the size of the basis on geometry and the molecular structure,
we studied Cu2S at the Becke3PW91/6-311+G(d), MP2(FC)/
6-31G(d), MP2(Full)/6-31G(d), MP2(FC)/6-311+G(d), and
MP2(Full)/6-311+G(d) levels. At the Becke3PW91/6-311+G(d)
level, there is no bond path between the copper atoms (Figure
1). In going from Becke3PW91/6-311+G(d) to the MP2(FC)/
6-31G(d) level, the Cu-S and Cu1-Cu1′ internuclear distances
decreased from 2.114 to 1.995 Å and 2.634 to 2.208 Å,
respectively; at the MP2(Full)/6-31G(d) level, there are further
very small decreases to 1.994 Å and 2.118 Å. An AIM analysis
revealed a bond path between Cu1 and Cu1′ at both MP2/6-
31G(d) levels. However, the tenuous nature of the bond was
indicated by the low value ofF(r c) (0.36eÅ-3) at the BCP and
the proximity of the ring critical point (RCP) to the BCP at the
MP2(FC)/6-31G(d) level. In such a case, a small increase in
internuclear distance or decrease in the density between the
copper atoms would result in the annihilation of the RCP and
BCPs. This was realized when MP2(FC)/6-311+G(d) and
MP2(Full)/6-311+G(d) calculations were carried out; the Cu1-
Cu1′ distances increased by 0.424 Å (to 2.632 Å) and 0.493 Å
(to 2.611 Å), respectively. These values are close to the distance
(2.634 Å) found at the Becke3PW91/6-311+G(d) level. Of
significance is the fact that the copper atoms were no longer
connected via a bond path at these higher MP2 levels. In our
view, this finding validates the results of all our Becke3PW91/
6-311+G(d) calculations. We have also completed an AIM
study of the molecular structure of a group of CuxSy

-1 clusters,
prepared and studied in the gas phase by Dance and co-
workers,27,28 at the Becke3PW91/6-311+G(d) and MP2/6-

311+G(d) levels. In keeping with our calculations on Cu2S,
identical results were obtained at these levels of theory. We
would like to emphasize that the difference in Cu-Cu inter-
nuclear distance is not the only factor determining the presence
or absence of a covalent bond. AIM analysis of the wave
functions obtained with single-point calculations at the
Becke3PW91/6-311+G(d)//MP2(FC)/6-31G(d) (Cu-Cu dis-
tance 2.208 Å) and MP2(FC)/6-31G(d)//Becke3PW91/6-
311+G(d) (Cu-Cu distance 2.634 Å) levels yielded no bond
path between the coppers atoms.

We have found three new (Cu2S)n structures, one of which
is 9 that turns out to be the most stable isomer of composition
Cu8S4 (Figure 3). Two other structures are isomers of the
composition Cu16S8. Isomers of Cu16S8 were searched to confirm
the asymptotic behavior of stabilization energy as discussed
below. Selected interatomic distances of1-16 are collected in
Table 1 together with the values obtained with ECP calcula-

Figure 1. Displays of the molecular graphs of1 (Cu2S), 2, 3, 4, and
5 (Cu4S2 isomers); copper atoms shown as gray spheres, sulfur atoms
as yellow spheres, and bond critical points as red spheres.

Figure 2. Displays of the molecular graphs of6, 7, and 8 that are
Cu6S3 isomers; copper atoms shown as gray spheres, sulfur atoms as
yellow spheres, and bond critical points as red spheres.

Figure 3. Displays of the molecular graphs of9, 10, and11 that are
Cu8S4 isomers; copper atoms shown as gray spheres, sulfur atoms as
yellow spheres, and bond critical points as red spheres.
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tions17 shown in brackets. Overall, the geometries of the clusters
obtained by the ECP method and those reported in this work
are very similar. The ECP internuclear distances are slightly
less (<0.1 Å) than those obtained with our all-electron calcula-
tions. A recent experimental investigation of copper sulfide
complexes, the average Cu oxidation state was close to 1, in
solution using extended X-ray adsorption fine structure spec-
troscopy (EXAFS)29 found that the Cu-S interatomic distances
ranged between 2.3 and 2.33 Å and Cu-Cu distances between
2.72 and 2.75 Å. The average values for the interatomic
distances for both Cu-S and Cu-Cu bonds obtained in our
study are closer to the experimental ones than those obtained
with the ECP calculations. Table 2 lists the total, relative and
bonding energies of1-16 along with the symmetry and the
number of Cu-S and Cu-Cu bonds. The values in parentheses
were obtained using ECPs as reported in ref 17.

The figures (Figure 1 includes1, 2, 3, 4, and 5; Figure 2
includes6, 7, and8; Figure 3 includes9, 10, and11; Figure 4
includes12 and 13; Figure 5 includes14 and 15; Figure 6
includes16) display the molecular graphs of Cu2S and the
clusters obtained with AIM2000. Bond critical points (BCPs)
are shown as red spheres. Isomers are numbered in order of
decreasing stability. The connectivity shown in the molecular
graphs of1-16 differs significantly from bonding implied in
the graphical representations of the structures reported by
Ahlrichs and co-workers.15-17 Although all of the Cu-S bonds
shown in the graphical structures reported by Ahlrichs and co-
workers15-17 are recovered in the AIM analysis, many of the
Cu-Cu bonds are not. Even in1, the simplest case, there is no
bond path connecting the copper atoms indicating that there is
no covalent bond between them. This observation runs counter
to the conclusion reached by Ahlrichs and co-workers30 that

TABLE 1: Selected Inter-nuclear Distances of (Cu2S)n Clusters

S1-Cu1 S1-Cu2 S1-Cu3 S2-Cu2 Cu1-Cu1′ Cu1-Cu2 Cu1-Cu3 Cu2-Cu3 Cu2-Cu2′ Cu3-Cu3′
1 2.114 2.634

(2.087)a (2.516)
2 2.311 2.142 2.376 2.693 2.734

(2.264) (2.118) (2.185) (2.608) (2.729)
3 2.310 2.134 2.367 2.704

(2.263) (2.114) (2.172) (2.651)
4 2.265 2.280 2.439 2.434 2.559 2.466

(2.236) (2.239) (2.366) (2.323) (2.528) (2.294)
5 2.411 2.348

(2.363) (2.213)
6 2.350 2.353 2.566

(2.305) (2.177) (2.485)
7 2.228 2.194 2.728 2.570 2.743

(2.186) (2.176) (2.655) (2.483) (2.652)
8 2.321 2.292 2.160 2.429 2.600 2.822 2.948 2.358

(2.314) (2.234) 2.334 2.492 (2.701) (2.789) (2.197)
9 2.309 2.271 2.393 2.216 2.378

10 2.265 2.409 2.418 2.261 2.806 2.634 2.389 2.564
(2.217) (2.333) (2.432) (2.203) (2.725) (2.570) (2.223) (2.507)

11 2.286 2.370 2.374 2.650 2.753
(2.234) (2.340) (2.206) (2.604) (2.648)

12 2.634 2.244 2.480 2.212 2.507 2.290 2.823 2.691
(2.619) (2.190) (2.416) (2.174) (2.426) (2.142) (2.687) (2.628)

13 2.277 2.566 2.563
(2.234) (2.493) (2.493)

14 2.160 2.271 2.336 2.783 2.441 2.583 2.417
15 2.282 2.461 2.670
16 2.250 2.254 2.214 2.275 2.628 2.736 2.532 3.871

(2.213) (2.197) (2.156) (2.234) (2.585) (2.644) (2.459) (3.918)

a The values in parentheses correspond to the internuclear distances obtained with effective core potential calculations reported in references
15-17.

TABLE 2: Symmetries, Energies, and Numbers of Cu-S and Cu-Cu Bonds of (Cu2S)n Clusters

n compound symm ET (a.u.) Erel (kJ/mol)a En N(Cu-S) N(Cu-Cu)a

1 1 C2V -3679.132972 0.0 2 0(1)
2 2 C2V -7358.352425 0.0 113.5 6 2(6)

3 C2h -7358.352399 0.1 (7.1) 113.5 6 1(5)
4 Cs -7358.348729 9.7 (22.8) 108.7 7 3(5)
5 D4h -7358.334735 46.4 (51.8) 90.3 8 4(4)

3 6 D3h -11037.621394 0.0 194.7 12 3(9)
7 ∼C3V -11037.617169 11.1 (11.0) 191.0 9 3(9)
8 ∼C2V -11037.613364 21.1 (17.1) 187.7 10 7(12)

4 9 ∼C2V -14716.915342 0.0 251.7 14 6
10 Cs -14716.884899 79.9 (0.0) 231.7 14 7(15)
11 ∼D2d -14716.858601 149.0(72.0) 214.4 16 6(14)

5 12 D3h -18396.200952 281.5 18 9(21)
6 13 ∼Oh -22075.546580 327.6 24 0(24)
8 14 C2h -29433.922390 0.0 282.0 28 12

15 D8h -29433.581358 896.1 169.9 32 0
10 16 D4h -36792.623198 339.6 40 0(40)

a The values ofErel andN(Cu-Cu) given in parentheses were obtained with effective core potential calculations reported in references.
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the bonding between the coppers is covalent in character (25%)
on the basis of an overlap population analysis. We find only
two Cu-Cu bond paths in2 and one in3. There are no bond
paths between Cu1-Cu2, Cu1-Cu2′ Cu1′-Cu2, and Cu1′-
Cu2′ corresponding to the connections reported previously.17

In 4, there are only three Cu-Cu bond paths. There is no
covalent bonding between Cu2-Cu3 and Cu2′-Cu3. Only in
the case of5 does the graphical structure match the molecular
graph. Cluster6 exhibits only three Cu-Cu bond paths, showing
six fewer connections than represented in ref 17. Cluster7 also

exhibits only three Cu-Cu bond paths, not the nine bonds
implied in ref 17. There are no covalent bonds between Cu1-
Cu1′, Cu1-Cu1′′, Cu1′-Cu1′′, Cu1-Cu2, Cu1-Cu2′, Cu1′-
Cu2′′, Cu1′-Cu2′, Cu1′′-Cu2, and Cu1′′-Cu2′′. There are no
bond paths connecting Cu2-Cu3, Cu2-Cu3′, Cu2-Cu2′,
Cu2′-Cu3, and Cu2′-Cu3′ in 8. Cluster10exhibits eight fewer
Cu-Cu bond paths than shown in ref 17; there is no covalent
bonding between Cu1-Cu2, Cu1-Cu5, Cu2-Cu4, and Cu3-
Cu4 and the corresponding symmetry related atoms. Eight
covalent Cu-Cu interactions that include Cu1-Cu2, Cu1′-
Cu2′, and symmetry related pairs are not confirmed in cluster
11. Of the 21 Cu-Cu connections reported in the graphical
structure of cluster12,17 only nine covalent bonding interactions
are confirmed by bond paths, covalent Cu-Cu interactions that
involve Cu2-Cu2′, Cu2-Cu3, Cu2′-Cu3, and symmetry-
related pairs are not realized. No Cu-Cu covalent bonding
interactions are found in clusters13 and16. Thus, 24 and 40
Cu-Cu bonds are not confirmed by AIM in13 and 16,
respectively. Although the lack of BPs between the Cu atoms
could be explained on the basis of the internuclear distance that
should be in range of 2.65 Å, two covalent radii, as suggested
in ref 31. However, this appears not to be the sole factor. BPs
are found between Cu2-Cu2′ of 2 where the internuclear
distance is 2.73 Å, Cu2-Cu2′ of 7 (2.74 Å), and Cu2-Cu3
(2.75 Å) of11. Moreover, there are no bonds between Cu atoms
with shorter internuclear distances; Cu1-Cu1′ (2.63 Å) of 1,
Cu2-Cu3 (2.56 Å) of4, Cu1-Cu2 (2.57 Å) of6, Cu1 and
Cu2 (2.57 Å of7, Cu1-Cu3 (2.63 Å) of10, Cu1-Cu1′ (2.56
Å) of 13, Cu1-Cu2 (2.63 Å), and Cu2-Cu2′ (2.53 Å) of 16.
It is clear that covalent bonding assigned/assumed on the basis
of internuclear distance can be in error. For example, Cu1 of6
and11 is simply tricoordinate not pentacoordinate.17,31

According to the Lewis definition, chemical bonding results
from either a transfer of electrons from one atom to another
(ionic bonding) or sharing electrons between atoms (covalent
bonding). Contour plots of electron densityF in selected planes
of 1, 7, and2 are displayed in Figure 7. Figure 7a is a display
of F in the Cu-S-Cu plane of1. It is seen from Figure 7a that
there are two local density minima along the geometrical lines
connecting the Cu and S atoms with the BCPs shown as crosses.
The extrema that exhibit minimum along the axis connecting
atoms and maxima in the two other perpendicular directions
are BCPs.18 The line that follows the ridge of maximum electron
density passing through BCP is the bond path (BP). In Figures
1-6, the BCPs are identified as red spheres. Existence of a
BCP is the only evidence of a transfer or partitioning of electron
density between atoms and consequently the presence of
chemical bond between them.18 From Figure 7a one can see
that there is no local maximum inF(r ) in the direction
perpendicular to the axis connecting the two copper atoms. The
density shows only the smooth monotonic slope between Cu1-
Cu1′, and there is no bond path linking them.

Figure 7b is a contour plot ofF(r ) in the plane defined by
S1, S2, and S3 of7. The copper atoms Cu1, Cu1′, and Cu1′′
lie very nearly in this plane and the Cu2S units are clearly seen
in this plot. Although there is no saddle point inF(r ) and no
BCP along the geometrical line between the Cu atoms, there is
a ring critical point (RCP) that represents a binding element of
the S1-Cu1′-S2-Cu1′′-S3-Cu1 ring. The Cu-S BCPs that
lie below the S1-S2-S3 plane are shown as dashed crosses.
Figure 7c is a contour plot ofF(r ) in the plane defined by S1,
Cu1, S2, and Cu1′ of 2. Even though the Cu2S units are also
recognizable in this plane, there is BCP between Cu1 and Cu1′.
The density at this BCP is lower than the density at Cu-S BCPs.

Figure 4. Displays of the molecular graphs of12 (Cu10S5) and 13
Cu12S6; copper atoms shown as gray spheres, sulfur atoms as yellow
spheres, and bond critical points as red spheres.

Figure 5. Display of the molecular graphs of14and15 that are Cu16S8

isomers; copper atoms shown as gray spheres, sulfur atoms as yellow
spheres, and bond critical points as red spheres.

Figure 6. Display of the molecular graph of16 (Cu20S10); copper atoms
shown as gray spheres, sulfur atoms as yellow spheres, and bond critical
points as red spheres.
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Even though there are no bond paths between many of the
copper atoms, it is conceivable that the interactions are
homoconjugative in nature. Cremer and co-workers were the
first researchers to describe homoaromaticity, the interactions
between atoms are of the 1,N type with N being greater than 2,
on the basis of AIM theory.32 Later Cremer and co-workers
carried out a systematic investigation of a number of homo-

aromatic species33 and concluded that the trishomocyclo-
propenyl carbocation was among the species that are stabilized
by no-bond homoconjugation.34 The method of choice for
probing 1,N homoconjugation is to determine the magnitude
of the delocalization indices between atoms.35-39 However,
given the size of the Cu2S clusters involved, the evaluation of
the delocalization indices must await the parallelization of
PROAIMV of the AIMPAC suite of programs, a task that we
plan to undertake soon.

The contour plots displayed in Figure 7 illustrate the charge
distribution in typical building blocks of copper sulfide clusters.
Indeed, the rhombic structure S1-Cu1-S2-Cu1′ of cluster2,
sometimes slightly deformed can be seen in clusters3, 4, 5, 6,
8, 10, 11, and 14. The Cu3S3 ring of cluster7 comes as a
composite element in construction of clusters:9 (S1-Cu2-
S2-Cu4-S2′-Cu3′), of cluster10 (S1-Cu3-S2-Cu4-S3-
Cu1), of cluster12 (S1-Cu2-S2-Cu2′-S1′-Cu3), of cluster
13 (S1-Cu1-S1′-Cu1′-S′′-Cu1′′), and of cluster16(S1-Cu2-
S2-Cu2′-S′-Cu1). Although this Cu3S3 is slightly deformed in
bigger clusters, still the chemical structure remain the same as
in 7. It has been suggested that similar Cu3S3 units are likely to
form on the (111) surface of Cu with common S impurities.40

It was shown that formation and diffusion of Cu3S3 clusters on
the Cu (111) surface is energetically more favorable.

The values ofF(r ) and its Laplacian (∇2F(r )) at the Cu-S
and Cu-Cu BCPs are collected in Table 3. Bader18 has used
the values ofF(r c) and ∇2F(r )) at BCPs to classify bonding
interactions that are produced by sharing of electrons in covalent
homonuclear and heteronuclear polar bonds.18 Large values of
F(r c) and large negative values of∇ 2F(r ) are typical for shared
covalent interactions. For example, the C-C covalent bond in
ethane is characterized by values of+1.70 eA-3 and -15.94
eA-5 for F(r c) and∇2F(r ), respectively.18 The polar bond O-H
of H2O exhibits values of+2.64 eA-3 and-58.84 eA-5. Closed
shell interactions that are found in noble gas repulsive states,
ionic bonds, and hydrogen bonds are characterized by the low
values ofF(r c) and a positive Laplacian. For example, the BCP
of LiCl exhibits values of 0.31 eA-3 and 6.40 eA-5 for F(r c)
and ∇2F(r ), respectively. Bonds that can be viewed as being
halfway between the shared and closed shell types exhibit
intermediate values at the BCPs. Based on the data accumulated
for molecules1-16 (Table 3), the Cu-S and Cu-Cu bonds
belong in the intermediate category, and the Cu-S bonds have
more covalent character then Cu-Cu bonds. In both cases,
∇2F(r ) is negative, whereasF(r c) is larger for the Cu-S than
for Cu-Cu bonds.

For shared interactions, the amount of electron density
partitioned by two atoms physically determines how strong the
atoms are covalently bound. Therefore, the value of electron
density at BCP can be taken as a measure of the strength of a
bonding interaction if the same types of bonds are compared.
A plot of F(r c) versus internuclear distance (Figure 8) for the
Cu-S bonds of1-16 shows a clear trend; the value ofF(r c)
increases as the internuclear distance decreases. A similar result
was obtained in an investigation of metal-oxide complexes.41,42

That F(r c) is substantially smaller for the Cu-Cu BCPs than
the Cu-S BCPs suggests that the covalent bonding between
Cu-Cu bonds is weaker than between the Cu-S bonds (Figure
9). A comparison ofF(r c) values of a number of Cu-S bonds
indicates that the bond strength depends on the coordination
number. In the case of4, the Cu2-S1 bond to three-coordinate
S1 exhibits a significantly largerF(r c) value (0.51 eA-3) than
the Cu2-S2 bond to four-coordinate S2 (0.38). In11, the Cu1-
S1 bond between four-coordinate S and three-coordinate Cu may

Figure 7. Contour plots ofF(r ) in selected planes: (a)1, in-plane
BCPs shown as crosses; (b)7, the S1-S2-S3 plane with the Cu-S
BCPs below the S1-S2-S3 plane shown as dashed crosses; (c)2, the
S1-Cu1-S2-Cu1′ plane with the BCPs and RCPs shown as crosses.
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be stronger (0.49) than the Cu2-S1 bond connecting four-
coordinate S to a four-coordinate Cu (0.43). Additional support
for this view is provided by a comparison of the Cu1-S1 bonds
of 3 where three-coordinate Cu is bonded to three-coordinate S
and6 where three-coordinate Cu is bonded to four-coordinate
S.

Conclusions about bond strength made on the basis of
interatomic distance could be misleading. Indeed, according to
suggestions by refs 15-17, the Cu-S bond between six
coordinate Cu and four coordinate S of cluster13 should be
weaker than that between four coordinate Cu and four coordinate
S of cluster5. The values ofF(r c) given by AIM in Table 3,
however, show that the reverse situation might be the case with
theF values being 0.47 and 0.40, respectively. Another example
of possible misinterpretation of bond strength and coordination
is seen in cluster10. According to Ahlrichs and co-workers,17

the bond Cu1-S1 of nine-coordinate Cu1 with five-coordinate
S1 should be weaker than the bond Cu2-S1 of seven-coordinate

Cu2 with the same sulfur. However,F values of 0.52 and 0.39
seen in the AIM analysis for these bonds suggests that the
opposite may be the case here as well. The dependence of the
F value on the degree of coordination implies that the strength
of the bond with the same local environment should be
transferable from one molecule to another. Indeed, one may
notice nearly equivalent values ofF for similar bonds in different
clusters; S1-Cu1 in clusters2 and 3, S1-Cu1 in clusters6
and11, S1-Cu1 of 13 and S2-Cu2 of 16, and Cu1-Cu1′ of
2, 3, 6, 11 (Table 3). A quantitative evaluation of bond strength
by viaF(r c) is very important not only because of transferability
between molecules but also because an estimate of bond strength
may be difficult to obtain in some cases. For example in cyclic
molecules such as5-16, it is almost impossible to break one
bond leaving intact the others. Therefore, the evaluation of
dissociation energy for such bonds would be approximate due
to averaging. Atomic coordination and individual bond strengths
are very important factors that determine the stability and
reactivity of molecular structures. According to Ahlrichs and
co-workers,15-17 the number of Cu-Cu bonds was comparable
and sometimes exceeded the number of Cu-S bonds thus
substantially contributing to cluster stability (Table 2). However,
because fewer Cu-Cu bonds were revealed than previously
suggested and because Cu-S bonds are stronger than Cu-Cu
bonds, one should conclude that the stability of copper sulfides
is mostly determined by the Cu-S interactions. EXAFS
investigations of copper sulfides in solution29 support predomi-
nant connectivity of Cu atoms with S rather than with Cu. For
example, it was found that every Cu was surrounded by three
or four sulfur atoms but by only one copper atom.

We wish to propose an explanation for the asymptotic
behavior of stabilization energy versus number of Cu2S units
where a maximum is reached at a cluster size withn > 6. The

TABLE 3: Values of the Density (e Å-3) and the Laplacian (e Å-5) at bond Critical Points

compound S1-Cu1 S1-Cu2 S1-Cu3 S2-Cu2 Cu1-Cu1′ Cu1-Cu2 Cu1-Cu3 Cu2-Cu3 Cu2-Cu2′ Cu3-Cu3′
1 0.67

-1.164a

2 0.48 0.64 0.34 0.18
-0.89 -1.103 -0.56 -0.29

3 0.50 0.65 0.34
-0.89 -1.13 -0.58

4 0.52 0.51 0.38 0.31 0.30
-0.95 -0.94 -0.65 -0.50 -0.50

5 0.40 0.34
-0.69 -0.56

6 0.45 0.34
-0.79 -0.58

7 0.46 0.55 0.14
-0.95 -0.95 -0.33

8 0.38 0.49 0.55 0.23 0.18 0.27
-0.82 -0.77 -1.08 -0.48 -0.37 -0.67

9 0.48 0.52 0.42 0.57 0.33
-0.86 -0.94 -0.70 -1.04 -0.51

10 0.52 0.39 0.38 0.53 0.33 0.25
-0.96 -0.67 -0.73 -0.97 -0.53 -0.34

11 0.49 0.43 0.33 0.17
-0.94 -0.75 -0.55 -0.31

12 0.32 0.68 0.53 0.46 0.31 0.48
-0.67 -1.15 -0.66 -1.10 -0.47 -0.89

13 0.47
-0.82

14 0.62 0.51 0.45 0.17 0.29 0.21 0.32
-1.23 -0.98 -0.80 -0.29 -0.41 -0.36 -0.54

15 0.50 0.29
-0.94 -0.51

16 0.53 0.52 0.55 0.51
-0.99 -1.03 -1.11 -0.94

a Values of the Laplacian are given in italics.

Figure 8. Plot of F(r ) at the bond critical point versus Cu-S
internuclear distance.
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stabilization energies per monomer unitEn given by eq 117, 31

are

collected in Table 2. First, we attempted to find stable clusters
of composition Cu16S8 between Cu12S6 and Cu20S10 to confirm
the saturation of stabilization energy with increasing size and
located14 and15 that are shown in Figure 4. Cluster15 can
be viewed as a logical extrapolation/expansion of6 and 11.
Cluster14 is a combination of2 and13. The plot of stabilization
energy versus the number of Cu2S units is given in Figure 10.
As seen from the data in Table 2 and the plot, the stabilization
energy per Cu2S unit of both clusters deviates significantly from
the values seen for13 and16 and correlate with values that are
typical for the smaller clusters such as Cu6S3 and Cu10S5,
respectively. This lowEn suggests a reason Cu16S8 clusters have
not been found experimentally.En can be physically interpreted
as the potential energy of interaction of one unit with the others.
The greater number of Cu2S units that are bonded with each
other, the higher stabilization energy per unit is obtained. For
example in2, the Cu1-S-Cu2 unit interacts with the Cu2′-
S2-Cu1′ unit via the Cu1-S2, Cu1-Cu1′, and Cu2-Cu2′
bonds. In10, Cu1-S1-Cu2 is bonded with three other units,
Cu3-S2-Cu4, Cu5-S3-Cu4′, and Cu2′-S2′-Cu3′. If we
define the term unit coordination that is the number of Cu2S
units bonded to a given one, and every Cu2S unit is always
represented by one sulfur atom, it is possible to determine the
number of bonded units simply by number of S atoms directly
connected through coppers to the sulfur of a given unit. In this
sense, every Cu2S fragment of isomers2-5 is bonded to only
one other unit. Those in isomers6-8 are two-unit coordinated.

Every Cu2S unit of9 is three-unit coordinated. Two Cu2S units
of 10 are two-unit coordinated (bridged with S2 and S2′), and
two others are three-unit coordinated (bridged with S1 and S3).
The stabilization energy per unit is higher for clusters with
higher unit-coordination. Thus, one can see why four-unit
coordinated clusters13and16have higher stabilization energies
than the two unit-coordinated cluster15. It is seen that clusters
with the same unit coordination exhibit similarEn’s. For
example, two-unit coordinated clusters6, 11, and 15 do not
substantially differ in stabilization energy while being substan-
tially different in size. Clusters13 and16 have maximum four-
unit coordination among all investigated structures and, con-
sequently, the highest stabilization energies. Higher unit
coordination can be found in bulk crystalline Cu2S nanowires9,10

or in the mineral chalcocite43 because of twinning. However, it
is difficult to imagine the small Cu2S clusters with coordination
higher than four.

Conclusions

All-electron calculations at the Becke3PW91/6-311+G(d)
level yield geometries of (Cu2S)n clusters that compare favorably
with those obtained by other researchers at the MP2(ECP) level.
In fact, on average, the Becke3PW91/6-311+G(d) internuclear
distances are closer to experimental values obtained with
EXAFS than those obtained at the MP2(ECP). Covalent bonding
of Cu-Cu atoms is not simply determined by interatomic
distance. Three new clusters, one of composition Cu8S4 and two
of composition Cu16S8 have been studied. Covalent bonding
between copper atoms previously assigned on the basis of
internuclear distance and overlap populations is not realized in
AIM analyses. As a result, the stability of copper(I) sulfides
depends predominately on the number of covalent Cu-S bonds
that are present in the cluster rather than on Cu-Cu shared
interactions. The asymptotic behavior of the stabilization energy
with increasing cluster size can be explained on the basis of
unit coordination. It is predicted that four-unit coordination is
the source of the limiting maximum stabilization seen in the
case of (Cu2S)n clusters withn > 7.
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