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ABSTRACT: The stability and bonding in dinuclear group 11 metal
complexes (M = Au, Ag, and Cu) in their +2 oxidation state has been
investigated by quantum chemical methods. Two model complexes were
selected as representatives of different bonding situations in the dinuclear
M(II) complexes, a direct metal—metal bond between two ligand stabilized
monomers and ligand-mediated bridged dimer system, making them
interesting for a direct comparison and to study the influence of relativistic
effects. Relativity substantially stabilizes the direct metal-metal bonded
system obtaining the sequence in M—M bond stability Au > Ag > Cu. In
the ligand-bridged structure, an asymmetric bonding situation is obtained
for gold, resulting in two stronger/covalent and two weaker/ionic bonds
per gold atom. Here we observe the opposite trend in stability Cu > Ag >

Au. Our analysis nicely corroborates with what is known from experimental observation.

B INTRODUCTION

The composition, structure and bonding characteristics of
complexes of the coinage metals Au, Ag, and Cu in their +2
oxidation state with an nd® (n = 3, 4, and S) electronic
configuration is surprisingly diverse. For gold, the Au* and Au®*
states (with the electronic configurations 5d'° and Sd°,
respectively) are the most common oxidation states, and
complexes of Au?* (with 5d°) are extremely rare." This is
particularly true for mononuclear complexes, which are known
only for species with a ligand or a set of ligands providing a
rigid and redox-stable environment for the metal center, e.g,, as
in phthalocyanines and porphyrins.” These complexes are
paramagnetic and show a magnetic moment corresponding to
the spin-only value for the unpaired electron in 5d° (u.g = 1.79
ug) and typically an ESR quartet signal (the nuclear spin of
YAuisI=3/ 2). Dinuclear complexes of Au*" are also small in
number, but they are found to be exclusively diamagnetic owing
to structures with close Au—Au contacts of about 2.6 A, which
appear to represent true covalent Au—Au o-bonding.’ This
situation arises predominantly in “ligand-supported” frames,
where one or two 1,3- or 1,4-difunctional donors bridge the
two Au’* centers present as a Au,** core unit (A, B) as shown
in Scheme 1.* However, very recently, a few cases with "ligand-
unsupported” Au"—Au" bonding have also been reported
where the same short Au—Au distances are found as the only
connectivity between the mononuclear units (C), see also
Scheme 2.° The issue of ligand supported vs unsupported
dinuclear complexes has recently been addressed by Xiong and
Pyykko.®

For silver, the Ag" state by far dominates the chemistry of
this element. This is true not only for silver minerals but also
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Scheme 1. Ilustration of Different Au"—Au" Bonding
Modes
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for the aqueous system regardless of the presence of air or an
inert atmosphere. The Ag’* state has been shown to be
accessible only with the strongest oxidants, and Ag>* is found
almost exclusively with redox-robust ligands with fluorine or
oxygen donor atoms.® A most interesting pair of examples has
been provided with the black, paramagnetic, and unstable
Ag"SO, and its colorless, diamagnetic, and stable “isomer”
(AgI)Z(Szos).6’7 However, it is most intriguing that diamagnetic
di- or polynuclear Ag** complexes are completely absent in the
literature, except for some reactive compounds in the gas
phase.® No crystal structures of silver(II) compounds have been
reported which would indicate discrete Ag'—Ag" bonding.
There are cases of magnetic ordering in crystals of silver(II)
compounds at low temperature, but diamagnetism is not
reached in any of the known examples. Instead, Ag"'SO, is
antiferromagnetic indicating significant spin transfer to the
ligand environment, with both effects being much stronger than
those in anhydrous Cu"SO,.
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Scheme 2. Dimers with Ligand-Unsupported Au"—Au"
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Finally, for copper, it is the Cu®* state which accounts for the
majority of the minerals and of the salts and complexes
appearing in aqueous systems under standard conditions, while
Cu" is produced only under reducing conditions with what is
known as “soft ligands”. By contrast, with “hard ligands”, as in
the aqueous environment, Cu* is subject to disproportionation
to give copper metal, Cu’, and more strongly solvated Cu’*. In
this context, it is worth remembering that Ag" has never been
shown to disproportionate in water into Ag’ and Ag®" while
Au' disproportionates in water to give Au’ and Au’*. These
discrepancies have all been rationalized by measurements and
calculations of the redox potentials of the species involved with
a broad spectrum of ligands and in a variety of solvents.” One of
the unexplained phenomena in copper(Il) chemistry, as in
silver(II) chemistry, is the complete absence of Cu"—Cu"
bonding that would be characterized by diamagnetism and by
the absence of an ESR signal, as well as by a short Cu—Cu
distance in any dinuclear complex. In numerous review articles,
copper(II) complexes with a large variety of terminal, bridging,
or chelating ligands with hard or soft donor atoms have been
compiled, for which the structures have been determined and
the magnetochemistry has been investigated, but there is no
case with a dlamagnetlc dinuclear Cu,*" core unit, be it ligand-
supported or not.

In the light of these observations, in the present study the
bonding in MM units with M = Au, Ag, and Cu in different
environments has been (re)investigated by quantum-chemical
calculations on two model systems (Scheme 3). One type of

Scheme 3. Structures of Model Systems Calculated in This
Work
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compound (1-M) has been chosen based on one case out of
the very few known species with ligand-unsupported Au"—Au"
interactions.” According to the experimental work on the
parent gold compound (with four bulky t-butyl substituents,
I),SE' all criteria of true o-bonding are met (dlamagnetlsm, ESR
silence, short Au—Au distance of ~2.6 A, large HOMO—
LUMO gap, and free rotation about the Au—Au axis). The
Au"—Au" bond enthalpy has been determined by electro-
chemical studies. The result (=198 + 1 kJ/mol) is in
agreement with calculations by Xiong and Pyykko carried out
for another example (Ila)” of the four known ligand-
unsupported cases (I, ITa,b, and III). There is no comparable
case in silver and copper chemistry, as summarized above. For
ligand-supported Au(II)—Au(Il) units, the oxidation state of
the metal atoms has been confirmed by ESCA and '*’Au
Mossbauer spectra. The results rule out any mixed-valence
alternative."'

As a ligand-supported example of M"—M" interactions,
framework 2-M has been chosen which is found in dinuclear
copper(Il) acetate and its dihydrate (2-Cu).'”” This ligand-
bridged dinuclear complex is one of the most extensively
studied compounds in copper chemistry, mainly owing to its
intriguing magnetochemical properties. The crystal structures
of 2-Cu and its dihydrate have been determined more than a
dozen times including X-ray and neutron diffraction stud-
ies.'”'® For decades, researchers have tried to elucidate the
contributions and the interplay of both direct Cu"—Cu"
bonding (an antiferromagnetic interaction) and the ligand-
mediated Cu(3d’)—Cu(3d’) interactions (which are ferromag-
netic), which lead to the observed temperature-dependent
magnetic properties.’© The system has once been considered
“the archetypical weakly metal—metal interacting dimer”. In
one of the most recent DFT studies, both Cu,(OAc),2H,0
and anhydrous Cu,(OAc), were again investigated with broken
symmetry calculations arriving in an atoms-in-molecule model
showing significant bond critical points for the Cu—Cu unit.'**
The results of these and related studies on 2-Cu are discussed
again below. However, no such studies have been performed
with 2-Ag or 2-Au. There is no silver(II) acetate known in the
literature because most carboxylate anions are readily oxidized
by Ag*".

The combination of gold(II) solely with acetate in the
absence of auxiliary ligands leads to disproportionation into Au’
and Au*. However, with powerful bridging ligands, like
phosphorus ylides, stable gold(II) complexes with terminal
acetate groups at the (Au"—Au") core have been achieved." It
is expected that the strongest of the M"—M" interactions will
arise in the model 2-Au even though the tendency toward
disproportionation makes these systems intrinsically unstable.
Moreover, the known preference of gold cations for low
coordination numbers (CN = 2 for Au’, CN = 4 for Au’")
suggests a similar preference for Au*". In the known complexes
with the dinuclear Au,* core unit, the gold atoms are all in a
square planar environment, but the geometry is often
codetermined by the chelating or bridging ligands. It is only
in examples ITa and IIb that no such constraints apply, and
therein the two C—Au bonds are unusually short compared to
reference compounds, while the S—Au distances in Ila are
relatively long, indicating the tendency to establish two
particularly strong bonds in tetra-coordinate Au** complexes.™
For model 2-Au, unsymmetrical bridging by acetate may be
anticipated reflecting this preference for two-coordination. No
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such asymmetry has been observed for 2-Cu complexes, and
examples for 2-Ag are not available.

This brief literature survey would be incomplete without
mentioning the experimentally “nonexistent” AuO for which
several structural variations have recently been calculated
(under standard and elevated pressure). At ambient temper-
ature, a mixed-valent structure is predicted where two-
coordinate Au’ centers are featuring aurophilic interactions,
while square-planar tetra-coordinated Au®* centers are bridging
elements. At higher pressure, a structure with Au,*" appears to
be preferred with strong Au"—Au" bonding, but under extreme
pressure a simple AB structure (NaCl, CsCl) may arise.'® By
contrast, in CuO, the Cu®* cations are in a standard square
planar environment of O~ anions with long distances between
metal atoms,'” while the AgO polymorphs are again mixed-
valent oxides with linearly two-coordinate Ag* and square-
planar coordinated Ag**."®

It has been recognized in recent years that much of the
diversity in coinage metal coordination chemistry originates
from the i 1ncreasmg importance of relativistic effects in the triad
Cu—Ag—Au."” This applies to the increase in electronegativity,
the extreme electrochemical potential for Au, the anomalies in
the atomic/ionic radii of Ag and Au, the high 6s-character of
gold orbitals involved in bonding, the decrease in coordination
numbers, the stability of high oxidation states, and many other
phenomena including the color of the metal”® Here we
mention that relativistic effects in atomic and molecular
properties usually scale like ~(Za)* (Z being the nuclear
charge and @ ~ 1/137 the fine structure constant), but with an
unusually large prefactor for the group 11 (and 12) series of
elements compared to the other groups in the periodic table.”!
This originates from the filling of the lower lying polarizable d-
orbitals screening the nucleus less effectively.”

In contrast to dispersive type d'°—d'" interaction for the
group 11 metals,”® theoretical studies on d°—d° interactions are
rare.””* The systematic study presented here will give direct
evidence for the prime significance of relativistic effects in
determining the surprisingly different characteristics of
structure and bonding of homologous Cu/Ag/Au compounds
in the oxidation state +2.

B COMPUTATIONAL DETAILS

We selected the two model complexes, 1-M and 2-M (M = Cu, Ag,
and Au), as representatives of the different bonding situations in the
M(II) dimer complexes. 1-M is used as an example for a direct metal—
metal bond, while the bonding interactions in 2-M are assumed to be
mainly ligand-mediated, thus making them interesting for a direct
comparison and to study the influence of relativistic effects. We used
Orca 3.0.3 program package to optimize the various structures of 1-M
and 2-M. For this, we tested several commonly used density
functionals. From a comparison of bond lengths between the crystal
structure of [(C"N"C)*,Au,] (the symbol " indicates the bridge) and
the optimized geometry of 1-Au, we identified the hybrid functional
B3LYP with Grimme’s D3 dispersion correctlon using the Becke-
Johnson (BJ) damping function (D3-BJ)> as the best suited
functional. The def2-TZVPP basis set was used”® (abbreviated as
B3LYP(D3-BJ)/def2-TZVPP or simply B3LYP for the followmg)
utilizing the resolution of identity (RI) approximation.”’ For the
coinage metal atoms, we applied the relativistic (R) and nonrelativistic
(NR) energy-consistent Stuttgart effective core potentials (ECPS)ZO“‘28
with the accompanying triple-{ valence basis sets. From the Hessian,
we ensured that the optimized structures are minima on the potential
energy surface. The calculated bond dissociation energies AE were
corrected by zero-point vibrational energies and thermodynamic
contributions to the enthalpy AH (T = 298.15 K, P = 101 kPa). In

addition, quantum theory of atoms in molecules (QTAIM)29 analyses
were performed with the program Multiwfn.*® Lowdin population
analyses®' were obtained from these optimized structures, but with a
def2-SVP all-electron basis set at nonrelativistic and relativistic level of
theory, using the zero-order regular approximation (ZORA) for the
latter.>* The electron localization functions (ELFs)*® were calculated
at the same level of theory.*® For the singlet states of compounds 2-M,
the triplet ground state of the system is computed first and used as an
initial guess for the broken symmetry singlet state in an unrestricted
DFT Kohn—Sham procedure according to Noodleman’s broken
symmetry approach (BS).”> This results in a single reference wave
function with an energy lower than that of the triplet state in our case
and that can also be used for estimating the antiferromagnetic coupling
between the two metal centers.

B RESULTS AND DISCUSSION

Direct Metal—Metal Bond (1-M). For the gold compound
in 1-M, our calculated B3LYP(D3-BJ)/def2-TZVPP bond
lengths are slightly larger compared to the experimental results,
ie, compare the experimental bond distances d(Au—Au)
=2494 A, d(N—Au)=2.018 A, and d(C—Au)=2.084 A with
those in Table 1. In comparison to the nonrelativistic

Table 1. Selected Bond Lengths (A) from Optimized
Structures of 1-M and 2-M with (R) and without (NR)
Inclusion of Relativistic Effects Calculated at the B3LYP(D3-
BJ)/def2-TZVPP Level of Theory

R NR

M-M M-N M-C M-M M-N M-C
1-Au 2.536 2.070 2.085 2.666 2157 2.190
1-Ag 2.513 2072 2.105 2.561 2.106 2.149
1-Cu 2204 1.924 1.972 2210 1.936 1.991

M-M M-0l M-02 M-M M-01 M-02
2-Au 2735 2,075 2333 2.832 2.245 2307
2-Ag 2.683 2.141 2.186 2729 2.176 2221
2-Cu 2.490 1.967 1.974 2.505 1.979 1.985

calculations, we see that the metal-metal optimized bond
distances in 1-M are substantially influenced by relativistic
effects; compared to the nonrelativistic results, the M—M
distances shorten by Apd = 0.130 A for Au, 0.048 A for Ag, and
0.006 A for Cu, respectively, due to relativity. This gives
approximately Apd[A] = 0.39(Za)? for the group 11 elements.
We note that in aurophilic interactions which are of dispersive
type and dominated by electron correlation rather small
relativistic effects have been found in the metal—metal bond
lengths in the (XMPH;), compounds even for gold.”

Concerning the metal—ligand interactions, it may be useful
to compare the relativistic bond contractions with those
obtained typically from Au(I) or Au(IIl) coordination
compounds. For the AuX,™ complexes, one typically obtains
Apd = 0.18—0.20 A depending on the ligand X (X = F, CJ,
Br,and I), while for the AuX,” complexes one has a far lesser
effect, Agd = 0.07—0.10 A. The reason for the diminishing
relativistic bond contractions when moving to higher oxidation
state is well understood and is connected to the occupancy of
the Au(6s) orbital. Here for the Au(II)—ligand relativistic bond
contraction, we get rather small values, ie, Agd(Au—N) =
0.087 A and Agd(Au—C) = 0.105 A, in line with the higher
oxidation state.

Table 2 shows Léwdin population analyses for the various
compounds studied here. We clearly see that relativistic effects
increase the valence ns population, and increase both the (n —
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Table 2. Lowdin Atomic Charges q and Orbital Populations (¢) for the Valence Shells of 1-M and 2-M with (R) and without
(NR) the Inclusion of Relativistic Effects

R NR
M q s p d q s P d
1-Au —0.31 0.39 0.83 9.44 —0.25 0.24 0.75 9.63
1-Ag 0.69 0.25 0.60 9.30 0.62 0.21 0.58 9.38
1-Cu 0.29 021 0.90 9.92 0.29 0.20 0.89 9.95
2-Au 0.06 0.34 0.64 9.79 0.17 0.17 0.54 10.00
2-Ag 0.89 0.18 0.45 9.48 0.87 0.14 043 9.55
2-Cu 0.68 0.22 0.70 9.40 0.69 0.12 0.69 9.42
1)d and np orbital participations in the bonding, very similar to To get more insight into how relativistic effects influence the
the results obtained previously for Au(I) and Au(III) metal—metal bond for these complexes, we produced 2D plots
coordination compounds.”® The relativistic increase in the of the corresponding electron localization function, Figure 1. It

valence ns population down the group 11 elements correlates
nicely with the relativistic bond contractions observed.
Typically, shorter bond lengths can be interpreted as
stronger chemical bonding, and we therefore expect that
relativistic effects lead to a bond strengthening in these Au—Au
interactions. To quantify the influence of relativistic effects on
the stability of the complexes, the bond dissociation energies
AE (BDE) into the respective monomers were calculated, see
Table 3 (the corresponding enthalpies AH can be found in

Table 3. Bond Dissociation Energies AE (in kJ/mol) of 1-M
and 2-M into the Respective Monomers Calculated at
B3LYP(D3)/def2-TZVPP Level of Theory with and without
Relativistic Effects Included for the Metal Atoms”

relativistic nonrelativistic
Au Ag Cu Au Ag Cu
286.0 201.2 188.5 184.5 160.2 181.7
1-M S
101.5 41.0 6.8
73.7 103.9 163.7 94.9 106.0 162.9
2M T
—-21.2 2.1 0.8
13 110.8 166. 111.5 1112 166.6
IMS(BS) ?
—20.0 —-04 03

“For 2-M both electronic configurations, the triplet (T) ground state
and the broken-symmetry singlet (S(BS)), were calculated. Relativistic
effects are shown in italics.

Figure 1. ELF plots for the 1-M compounds at the relativistic (R) and
nonrelativistic (NR) level of theory.

Table S1). Comparing the relativistic BDEs, the M—M bond
stabilities follow the trend 1-Au > 1-Ag > 1-Cu. The stability of
the Ag—Ag interaction is 60 kJ/mol, and that of Cu—Cu

interaction is 100 kJ/mol smaller compared to that of the is clearly visible how localized electron density is concentrated
corresponding gold dimer. Model complex 1-Au is by far the in between the gold atoms of 1-Au when comparing
most stable system and agrees with experimental observations nonrelativistic with relativistic ELF plots. This is not the case
as its parent compound has been isolated and characterized,”" for the copper species and to a much lesser extent for the silver
while there has not been any successful syntheses reported so compound. The reason for this lies in the high relativistically
far for the corresponding [(C"N”"C)*,Ag,] or increased electronegativity of gold (2.4) compared to the much
[(C"N"C)*,Cu,] species. smaller value for copper and silver (1.9); note the negative
The situation changes drastically when the calculations are atomic partial charge on Au in Table 2. This implies that both
performed without relativistic effects included: The BDE for gold atoms withdraw electron density from the surrounding
heavier coinage metal complexes 1-Au and 1-Ag become ligands and utilize this in establishing a stronger intermetallic

smaller by roughly 100 and 40 kJ/mol, respectively, while the bond.
effect for 1-Cu is minor as expected (Table 3). This results in a Another noticeable feature is that for copper and silver the d-
different trend for the metal—metal bond stabilities 1-Au = 1- electron shell structure around the atoms is easily recognizable
Cu > 1-Ag. In other words, without relativistic effects, the with high ELF values while the Sd-electrons of gold are more
metal—metal bond in the gold dimer would be as weak as that delocalized with less pronounced high ELF values. This is also
in the copper homologue. In fact, as with the bond distances, reflected by the atomic Lowdin population analyses of the
we get the scaling behavior for the bond dissociation energy AE metal atoms (Table 2). In the relativistic case, the 6s orbital
with increasing nuclear charge as AgAE[k]/mol] = 2.25(Za)>. population is nearly twice as large (* 0.4 ¢) compared to the
14627 DOI: 10.1021/acs.inorgchem.7b02434
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nonrelativistic result (& 0.2 ¢). The 5d orbitals, in contrast,
experience a loss of roughly 0.2 e when including relativistic
effects. For silver, this change in valence orbital population is
less pronounced, while it is negligible in the copper compound.
The higher s and p orbital and lower d orbital occupations
enhanced by relativistic effects are favorable for direct metal—
metal bonding as they lead to stronger covalent interactions
between the two metal atoms.

Ligand-Mediated Bonding (2-M). It is well-established
that [Cu,(OAc),2H,0] possesses a singlet electronic state
because of antiferromagnetic coupling between the unpaired
electrons of the copper atoms. To a reasonable approximation,
this can be modeled with Noodleman’s broken symmetry (BS)
approach as done here. (In principle, however, a multireference
treatment is required.) 1334

The optimized structure (Table 1) for 2-Cu gives a shorter
Cu—Cu bond length compared to the crystal structure value for
[Cu,(OAc),2H,0] (d(Cu—Cu): 2.617 A),"* which to our
opinion can be attributed mostly to the missing water
molecules in our calculation. The other bond lengths are in
rather good agreement with experiment. Note that the Au—O
bonds are strongly asymmetrical in relativistic 2-Au, indicating
that half of the oxygen atoms are more strongly bound to the
gold atoms than the others while the M—O bonds are very
similar in the copper and silver homologues.

The influence of relativistic effects on the optimized
structures can be observed in 2-M as well. If relativistic effects
are not considered, the M—M bond lengthens by 0.097 A for
Au, 0.046 A for Ag, and 0.015 A for Cu, respectively (Table 1),
which for gold is slightly smaller than that for the
corresponding 1-Au compound. Furthermore, the Au—O
bonds in nonrelativistic 2-Au are significantly more symmetric.

While it is obvious how dimer 1-M dissociates, for bridged 2-
M compound we had to place two ligands on one metal center
producing a four-coordinated monomer as shown in Figure 2

o

Figure 2. Optimized structures for 2-Cu (left) and its monomer
(right).

for the corresponding copper compound. This makes a direct
comparison with BDEs of the 1-M species difficult. Never-
theless, for the BDE, the thermodynamic stabilities calculated at
the relativistic level of theory follow the trend 2-Cu > 2-Ag > 2-
Au with the copper dimer being nearly twice as stable as the
gold compound (Table 3). Interestingly, relativistic effects in
the BDEs are relatively small compared to the 1-M compounds,
ie, the BDEs of the silver and copper dimers only change
marginally whereas a somewhat larger destabilization of 21.2
kJ/mol is obtained for the gold complex (Table 3). This
coincides with the appearance of more symmetrical Au—O
bond lengths. This relativistic bond destabilization, which goes
along with a relativistic bond contraction, sounds counter-
intuitive, but it has been observed before for Au(I) diatomic

compounds with strongly electronegative ligands such as
fluorine.'**%*> However, in this case we need to consider the
different ligand binding in the dimer, where we have bridging
ligands, compared to the monomer, despite the fact that in both
cases we have a four-coordinated gold atom with respect to the
surrounding oxygen atoms; see Figure 2.

A simple test was performed to estimate the effect of
widening the O—O distance of the acetate ligands when
bonding modes to the metal atoms change from the monomer
to the dimer: The O—O distance in (relativistic) 2-Cu
monomer is around 0.100 A shorter compared to that of the
dimer. Optimizing the monomer in which the O—O distance is
fixed to the value in the dimer increases the energy by only
around 9 kJ/mol. Therefore, the steric contribution to the BDE
through geometrical changes is only minor.

The BDE does not give a direct measure of the strength of
the metal—metal bonding in system 2-M. A better measure
comes from the bonding analysis as detailed below. The
antiferromagnetic coupling can be estimated from the differ-
ence between the triplet and the singlet BS solutions. While the
energy difference between the two states is small for 2-Cu (3.2
kJ/mol), this singlet—triplet gap becomes significantly larger for
2-Ag (6.9 kJ/mol) and for 2-Au (17.6 kJ/mol).

The ELFs for the 2-M compounds show, as in the case of 1-
M, how much more diffuse the valence Sd-electron shell of
relativistic gold atoms is compared to the nonrelativistic result
and that for the other metals (Figure 3). The asymmetric Au—
O interactions are visible in relativistic 2-Au and to a smaller
extent in nonrelativistic 2-Au. Although there is some visible
accumulation of electron density between the gold atoms
indicating stronger bonding, this does not lead to a stronger
M-—M bond compared to the silver and copper homologues.

The Lowdin population analyses show again an increase in
the 6s orbital population for the gold atom due to relativistic
effects (Table 2). The atomic partial charges for 2-M reveal that
the Cu and Ag atoms are significantly positively charged while
Au in relativistic 2-Au is close to being neutral. Therefore, the
oxygen—metal bonds in 2-Ag and 2-Cu should be considered
to be more of ionic character.

A more detailed analysis of specific interatomic interactions
for the weaker M—M bonding in the 2-M compounds can be
obtained from QTAIM,” which uses the Laplacian of the
electron density in a molecule as the basis for a topological
bonding analysis. It was possible to locate bond critical points
(BCP) between atoms and evaluate particular properties to
characterize chemical bonding (see Table S2). An important
quantity in this context is the energy density —H at a BCP,
which can be seen as a measure for the strength of a bonding
interaction.*®

The energy densities for relativistic and nonrelativistic 2-Cu
show that direct copper—copper interaction in the dimer is very
weak, while the Cu—O bonds are symmetric and strong (Table
S2). It is therefore the bridge that is holding the two copper
atoms together. The metal—metal bonding interactions in 2-Ag
and 2-Au are very similar and stronger than that in the copper
homologue, influenced by relativistic effects. While the Ag—O
bonds are predicted to be roughly equally strong (but weaker
than Cu—0) and unaffected by relativistic effects, there are two
groups of Au—O bonds in 2-Au when computed relativistically:
a stronger one which has a higher energy density and shorter
bond lengths at the BCP than the Cu—O bonds and a weaker
one with 25% of that strength with longer bond lengths. In the
nonrelativistic calculation, however, both Au—O bonds are
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ZR

Figure 3. ELF for the M—M bonds in relativistically (R) and
nonrelativistically (NR) calculated model systems 2-M.

computed to be very similar and approximately as strong as the
Ag—0 bonds.

In general, the bonding situation in 2-Au can be described in
the following way: Each gold atom prefers to establish two
strong bonds with the ligands instead of four intermediate ones
like in the silver and copper dimers. This can be attributed to
gold preferring a linear coordination and to its higher
electronegativity, leading to more covalent bonding with the
oxygen atoms. Also, the small bond dissociation energy for the
gold dimer explains why this compound has not been observed
yet. Here we mention that gold prefers bonding to soft ligand
atoms rather than hard ones such as oxygen. Copper and silver
atoms stay positively charged and engage in more ionic
bonding interactions, equally distributed over the ligands.
Metal—metal interactions are present, but generally very weak,
and stability is provided by the bridging ligands.

Bl CONCLUSION

We have shown how relativistic effects have an impact on the
binding mode of coinage metal(II) dimers in two representative
model systems. The bonding situation in 1-Au with a direct,

covalent metal—metal bond is favorable for gold as relativistic
effects lead to an increased 6s orbital population, electron
accumulation along the metal—metal axis, and consequently a
much stronger intermetallic bond. For Ag and Cu, this bonding
type is less beneficial because relativistic effects do not affect
these metals as strongly, and the trend in the thermodynamic
stability is therefore 1-Au > 1-Ag > 1-Cu.

For the 2-M dimers including bridging ligands with oxygen
atoms, the setting is reversed: Here, it is much more preferable
to engage with the ligands in four ionic bonds per metal atom.
This is easy to achieve for the electropositive Cu and Ag atoms.
However, relativistic effects make gold a very electronegative
metal and as a consequence lead to an asymmetric bonding
situation with the ligands, resulting in two strong, covalent
bonds and two much weaker, ionic bonds per gold atom.
Although direct metal—metal interactions are present in those
complexes as well, they contribute less. We therefore find the
trend 2-Cu > 2-Ag > 2-Au in the corresponding dimer
stabilities. In order to achieve higher stability for such systems,
softer ligands should be used to push more electron density
into gold to facilitate stronger intermetallic bonding. In any
case, our findings nicely agree with the experimental
observation that only [Cu,(OAc),2H,0] is known and not
the corresponding gold compound.
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