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The tetramers of the group 11 (I) halides, M4X4 (M ) Cu, Ag, or Au; X ) F, Cl, Br, or I), and corresponding group
11 (I) phosphanes, chloride and bromide (XMPH3)4 (X ) Cl or Br), are investigated by the density functional
theory. All coinage metal(I) halide tetramers adopt squarelike ring structures with an out-of-plane distorted (butterfly)
D2d symmetry. These structures are much lower in energy than the more compact cubelike Td arrangements,
which maximize dipole−dipole interactions and more closely resemble the solid-state structures of the copper and
silver halides. Phosphine coordination completely changes the structures of these M4X4 clusters. The copper(I) and
silver(I) phosphane chloride and bromide tetramers adopt a heterocubane structure, slightly preferred over a step
(ladder-type)-cluster structure well-known in the coordination chemistry of such compounds. In stark contrast, gold(I)
phosphane chloride and bromide tetramers prefer assemblies of linear XAuPH3 units with direct gold−gold contacts,
resulting in a square planar, centered trigonal planar, or tetrahedral gold core.

Introduction

All group 11 elements in the oxidation state+I show a
well-known tendency to form clusters, which often have short
metal-metal bonds.1 For gold compounds, these d10-d10

closed-shell interactions2 can be as large as 7-12 kcal/mol.3,4

In the coordination compounds of silver and copper, metal-
metal interactions can also be present but are much less
pronounced, with a reported maximum of only 4 kcal/mol
for copper(I) compounds.5 These metallophilic interactions6

are due to a combination of correlation and relativistic

effects7 with added ionic contributions.8 Relativistic effects
are also responsible for changing the coordination chemistry
of gold compared to silver or copper. Clusters of coordinated
copper(I) and silver(I) halides form structures mainly due
to electrostatic contributions, such as dipole-dipole interac-
tions, while gold prefers short gold-gold contacts between
linear X-Au-Y units. We note, however, that the special
role of gold in such interactions has been questioned only
very recently, where silver was found to produce larger
metallophilic interactions compared to gold for the model
compound [Cl-M-PH3]2 when high-level electron correla-
tion was used.9

The existence of oligomers in the vapor over group 11
halide melts has long been recognized.10-12 Infrared,13 mass
spectrometric,14 and photoelectronic15 studies of the vapors
of cuprous chloride gave conclusive evidence of the presence
of oligomeric molecules up to the pentamer, with the trimer
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and the tetramer being the predominant species under most
conditions.16 Such metal-halide clusters are useful examples
in the low-pressure CVD deposition for producing thin metal
films.17 As far as the geometry of such clusters is concerned,
[CuCl]4 was originally predicted to have a tetrahedral
symmetry.18 However, in a later study, theD4h structure1
was favored (Figure 1).19 Recent calculations for [CuCl]4

support a ringlikeD4h minimum structure instead of a
heterocubaneTd structure3, which is in agreement with the
gas-phase electron diffraction experiments, with theTd

structure being 26 kcal/mol higher in energy.20 In this study,
the calculated IR spectrum is in good agreement with earlier
measurements,21 and the gas electron diffraction also agrees
with the D4h structure.20 There are a large number of
experiments on group 11 halides which support oligomeric
structures up to the hexamers in the gas phase. Calculations
of the silver-bromide clusters, whose microcrystals play a
crucial role in the photographic progress,22 show that the

tetramers have a squarelikeC2V structure,23 contrary to a
previously predictedTd minimum structure.24,25A Cs structure
6 with an AgBr tail above a Ag3Br3 ring structure and a
tetrahedralTd structure were found to have higher energy.
The Ag4(OH)4 cluster also has a planar cyclic structure.26

Little is known about the structures of all other group 11
halide tetramers, and other possible arrangements, as shown
in Figure 1, cannot be so easily excluded.

Coordination of electron-donating ligands, such as phos-
phane, to the group 11 metal halides completely changes
the M4X4 structural units. In the solid state, the copper(I)
and silver(I) halide phosphanes tend to oligomerize; for
example, dimers27 and two different tetrameric structures are
observed.28 One tetrameric structure represents the cubic
M4X4 arrangement7 and is found for many [LMX]4
complexes of Cu(I) and Ag(I) (X) Cl, Br, or I; L ) PPh3,
PEt3, or P(OPh)3) (Figure 2).29 A previous theoretical study
on copper(I) halide tetramers Cu4X4L4 (X ) Cl, Br, or I; L
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Figure 1. Minimum structures of coinage metal(I) halide tetramers, M4X4,
at the B3LYP level of theory.

Figure 2. Heterocubane and step-cluster structures of tetrameric copper(I)
and silver(I) phosphanes.
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) nitrogen organic base) also found cubelike structures.30

The other possible arrangement is a step cluster, for example,
a ladderlike (open-cube) structure8 found for [XCu(PPh3)]4,
with X ) Br or I.31 In the heterocubane structure, each metal
atom has a formal coordination number of four. The
distortion from an ideal cubic M4X4 core increases with the
increasing size of the halogen ligand.29 Sufficiently large
phosphane ligands eventually stop the oligomerization pro-
cess in copper and silver halides. For example, BrCuP(Mes)3

does not oligomerize; the molecule remains monomeric.32

In distinct contrast, Cl-Au-PR3 oligomerizes in the solid
state by keeping the linear P-Au-Cl structure intact and
forming Au-Au bonds.33,34Phosphane ligands stabilize these
aurophilic interactions, often inducing the formation of larger
clusters.35 The bulk of the phosphane ligand decides whether
the compound stays monomeric,36 dimerizes,37 or polymer-
izes, forming chains.38 Due to the preferred linear geometry
of these gold coordination compounds, oligomerization only
takes place with small phosphanes. It was also shown that
in solution a facile ligand scrambling can occur between two
LAuX molecules,39 yielding a [LAuL]+[XAuX] - salt. The
energy difference for the ligand exchange in the solid state
was shown to be very small.40 This was confirmed by recent
ab initio calculations.41

In this study, we investigate the structure and stability of
all coinage metal(I) halide tetramers and the influence of
phosphine coordination to the tetrameric group 11 chlorides
and bromides. We investigate the bonding in these coordina-
tion compounds to see whether closed-shell interactions lead
to the formation of metal-metal bonds. Computational
Details are presented in the next section, followed by Results
and Discussion. Conclusions are drawn in the last section.

Computational Details

All calculations were performed with Gaussian9842 using the
density functional theory (DFT) with a B3LYP functional in
combination with Los Alamos pseudopotentials and double-ú

valence basis sets (LANL2DZ).43 PH3 was used as a model ligand
for the phosphanes to reduce computational costs.67 All minima
were confirmed by frequency analyses. The tetrameric phosphane
compounds have a very shallow potential surface regarding the
rotation of the PH3 units, especially for the silver compounds, and
optimization with respect to PH3 rotation leads to little energy
change.

TheD2d andD4h structures of the group 11 halide tetramers are
very close in energy and were therefore optimized further using
larger basis sets in connection with small-core Stuttgart pseudo-
potentials.44 Here, we used the BPW91 functional because it gave
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more accurate results for the MX diatomics (M) Cu, Ag, or Au;
X ) F, Cl, Br, or I). The basis sets were altered by adding more
diffuse and polarization functions to give the following contraction
schemes: (3111111s/2211111p/31111d/111f) for Cu, (31111111s/
3111111p/41111d/111f) for Ag, and (311111111s/22111111p/
41111d/111f) for Au.45,46 For fluorine and chlorine, Dunning’s47

augmented triple-ú basis sets were used with the f functions
removed. For bromine and iodine, the Stuttgart basis set pseudo-
potential combinations44 were altered to give (211111s/21111p/1d)
and (2111111s/1111111p/1d) sets for Br and I, respectively.46 For
comparison, the tetramer of AuF was also optimized with a
nonrelativistic pseudopotential.48

The MX units have large dipole moments,49 and the interaction
in the cluster consists largely of dipole-dipole interactions. For
the calculation of the influence of dipole interactions on the stability
of the M4X4 clusters, a simple electrostatic model was adopted. To
obtain the total energy, the dipole-dipole potential has to be
augmented with a repulsive term between the atoms to avoid the
collapse of the cluster from the purely attractive dipole-dipole
interaction. A Lennard-Jones-type (Ar-12) repulsive term was
therefore added at the ends of the dipole to give the final potential
for the interaction between the two dipoles (in atomic units)

R is the distance between the two dipoles (midpoint to midpoint),
andrij is the distance between the atoms. We only use one parameter
(A ) Aij) for all repulsive interactions such that the minimum of
two parallel dipoles is at the unit length ofRe ) 1 au (A )
0.12403101). The cluster geometry was optimized by numerical
gradient techniques.

Results and Discussion

(MX) 4 Clusters.Figure 1 shows all of the structures found
in the optimization procedure for the coinage metal(I) halide
tetramers. Ring structures1 and2 have the lowest energy,
in agreement with a number of theoretical studies for some
metal halides (Table 1).20,50,51Hence, the transition to a 3D
solid-state-like structure does not yet occur for the tetramer,
as pointed out previously by L’Hermite et al. for the case of
silver bromide clusters.50 Both structures1 and2 consist of
squares with the halide atoms sitting at the corners and the
metal atoms in the middle of the edges. TheD2d arrangement

2 is derived from theD4h structure by folding the ring along
a diagonal. The energy difference between these two
structures is very small in all cases (0.4 kcal/mol or less at
the B3LYP level of theory). Thus, the system behaves
dynamically at room temperature, and gas-phase electron
diffraction experiments may not be able to predict this
symmetry breaking. Figure 3 shows a few different potential
curves at the B3LYP level for the folding of theD4h structure
along the diagonal, which demonstrates that the potential
energy surface describing theD4h/D2d distortion is quite
shallow. Using the BPW91 functional with larger basis sets
together with small-core Stuttgart pseudopotentials results
in more-consistent geometries for the global minimum. Here,
all clusters prefer the distortedD2d structure except for the
CuI tetramer, where theD2d structure represents a first-order
transition state with a weak distortion intoD2 symmetry,
resulting in a planar rhombic Cu4 core of localD2h symmetry.
As indicated in Table 2, the deviation from the ideal angle
of 180° (D4h symmetry), describing the distortion fromD4h

to D2d, increases with the decreasing electronegativity of the
halide ligand.

The tetrahedralTd structure3, which maximizes dipole-
dipole interactions between the MX units forming a cube
and, thus, resembles more closely the solid-state structure
of the copper and silver halides, is between 10 and 20 kcal/
mol higher in energy than the ring structures. This is in
contrast to the finding of Zhang et al., who studied the
(AgBr)n oligomers and proposed a tetrahedral structure for
(AgBr)4.25 In their studies, the transition to 3D solid-state-
like structures occurs from the tetramer onward. However,
our findings are more in line with the recent studies of the
silver bromide clusters by Rabilloud et al.,23 who favor
ringlike structures up to the hexamer. For the copper and
gold fluoride tetramers, the tetrahedral arrangement is
particularly unfavored (41.7 and 82.8 kcal/mol higher in
energy, respectively). For the gold halides (apart from the
fluoride), the tetrahedral structure represents a transition state
leading to structure5. Structures5 and6 both have a (MX)3
ring structure as a building block. The (MX)3 ring is the
global minimum structure for all of the coinage metal(I)
halide trimers.20,52 In structure5, the gold end of the fourth
MX molecule is above the (MX)3 ring, thus forming a gold
tetrahedron. In this case, an atom-in-molecule (AIM) analy-
sis, according to Bader, clearly reveals gold-gold interac-
tions. However,5 is only a local minimum structure for the
gold halide tetramers and does not represent a minimum for
copper and silver, indicating the preference of gold for
forming aurophilic interactions.4 For gold iodide, structure
5 is 21.2 kcal/mol higher in energy than the planar structure
1 and becomes less favored for the smaller halides. Thus,
softer ligands lead to stronger aurophilic interactions, as
pointed out before.53 In 6, a fourth MX molecule is connected
to a halide in the corner of the (MX)3 structure, forming a
tail above the (MX)3 ring structure. This structure is not
particularly favored and often represents only a transition
state leading to structure5. TheC3V structure4 can be seen
as a tetrahedron, consisting of the metal atoms with three

Table 1. Energies of the Coinage Metal(I) Halide Tetramers Relative
to the Global Minimum Structure at the B3LYP/LANL2DZ Level of
Theory (kcal/mol)

1 2 3 4 5a 6

CuF 0 0.2 41.7 37.1 36.2
CuCl 0.3b 0 23.0 18.6 24.0
CuBr 0.2 0 16.7 13.3 18.7
CuI 1.2b 0 10.6 8.7 12.5b

AgF 0.6c 0 12.9 24.5 28.9
AgCl 0 0.4 11.5 15.9 23.2
AgBr 0 0 11.1 13.0 e
AgI 0.1b 0 10.8 10.4 e
AuF 0.6b 0 82.7 47.8b 39.7 37.5b

AuCl 0 0.4 63.0d 28.0 25.1 23.7
AuBr 0.1b 0 57.9d 24.4 21.5 24.4
AuI 0 0 55.9d 21.2 18.6 17.8

a Only for the gold halides.b TS leads toD2d. c TS leads toD2h. d TS
leads to5. e TS leads to4.

V(µ1,µ2) )
µ1µ2

R3
-

(µ1R)(µ2R)

R5
+ ∑

i<j

Aij

rij
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chlorines attached to the edges and one face-centered.
Structure4 is in the same energy range as the tetrahedral
structure3.

The dissociation energy per monomer unit is defined54 as
Dn ) [E(MX) - E(MnXn)/n] and decreases with the
increasing size of the halide ligand (Table 2), except for the
fluorides, which do not fit into this trend. Gold fluoride has
the lowest binding energy of all gold halides. Perhaps more
interesting is a comparison between the metals, which reveals
that for a specific halide, copper has the highest binding
energies, followed by gold and silver (Figure 4). This unusual
trend is well-known for many properties of the group 11
compounds and is due to the relativistic effects of gold, which
leads to a 6s orbital contraction/stabilization, giving Au
approximately the same atomic size as Cu.55 Indeed, non-
relativistic calculations of the AuF tetramer give a reduced
binding energy of 28.4 kcal/mol compared to 34.7 kcal/mol
from calculations with a scalar relativistic pseudopotential
(see discussions in refs 48 and 56). Although (AuF)4 seems
to be more stable than (AgF)4, which is also the case for the
predicted sublimation energies of the corresponding solid-
state species,57 we do know that solid AuF is not stable
toward disproportionation into metallic gold and AuF3, in
contrast to silver(I) fluoride.

As one expects, the dipole interaction potential (eq 1)
clearly prefers the cubic arrangement3 over the ring structure
1, in contrast to the DFT optimization. The ring structure is

therefore strongly stabilized by additional covalent (overlap)
interactions. Figure 5 shows that the energy of ringlike
structure1 remains fairly independent of the magnitude of
the dipole moment, whereas the cubic structure shows a
strong dependence on the dipole moment. AgCl crystallizes
in a (cubic) rock-salt structure, showing that with the addition
of more MX units, the dipole interactions become more
dominant. A change from the ring to the cubic structure is
observed, but the exact cluster size for the transition between
covalent and dipole structures has yet to be determined.
Figure 5 demonstrates that large dipole moments will result
in simple cubic ionic crystals, and the transition to the cubic
structure may occur at an early stage in the cluster growth.
For gold compounds, relativistic effects increase the electro-
negativity of gold58 thus reducing the dipole moment for all
gold halides (between 2 and 3 D),57 and covalent interactions
therefore become more important. Indeed, the crystal struc-
tures of the gold halides (AuCl, AuBr, and AuI) show rather
unusual chainlike structures attributed to relativistic effects.57

The metal halide bond distances get longer from the
monomer to the tetramer.52 For most compounds, the
difference is about 0.1 Å. In the nonrelativistic case, the
Au-F bond length in Au4F4 is also considerably longer
(2.228 Å) than that in the relativistic case (2.079 Å). This
relativistic bond contraction of 0.15 Å is comparable to that
of monomeric AuF, which is 0.17 Å.59 In fact, the relativistic
bond contraction for the gold halides can be clearly seen in

Figure 3. Three characteristic bending potentials (minimum energy paths) for the out-of-plane distortion fromD4h to D2d for some selected molecules at
the B3LYP/LANL2DZ level of theory. Thex axis represents the out-of-plane distortion and can be obtained from the data shown in Table 2.

Table 2. Dissociation EnergiesDn (kcal/mol) per Monomer Unit for the Process M4X4 f 4MX (Dn ) [E(MX) - E(MnXn)/n]) of the Global Minimum
Cu(I), Ag(I), and Au(I) Halide Structures Relative to the Monomers (the values include zero-point vibrational corrections) and Bonding Parameters
(distancesr in Å and anglesR in deg; the shortest M-M distance is taken) Using the BPW91 Functional

Dn r(M-X)mon
a r(M-X) ∆r(M-X)b r(M-M) R(M-X-M) τ(M-M-M-X)c γ(H-c-H)d

[CuF]4 42.3 1.750 1.861 0.111 2.548 86.4 169.3 158.2
[CuCl]4 42.6 2.052 2.155 0.103 2.594 74.0 148.3 113.5
[CuBr]4 40.5 2.176 2.286 0.110 2.575 68.6 142.9 101.6
[CuI]4

e 38.3 2.354 2.476 0.122 2.548 61.9 137.6 89.5
[AgF]4 32.2 1.983 2.091 0.108 2.977 90.8 169.0 158.0
[AgCl]4 33.1 2.281 2.360 0.079 3.093 81.9 157.4 133.0
[AgBr]4 32.4 2.393 2.490 0.097 3.015 74.5 144.6 106.9
[AgI] 4 31.6 2.545 2.658 0.113 3.017 69.0 140.0 96.0
[AuF]4 34.7 1.956 2.079 0.123 2.937 89.9 162.9 146.5
[AuCl]4 37.4 2.234 2.331 0.097 3.162 85.4 157.4 134.2
[AuBr]4 36.4 2.357 2.452 0.095 3.179 80.8 151.6 118.4
[AuI] 4 35.5 2.558 2.683 0.125 2.946 66.6 138.5 93.3

a Bond distance of the monomer.b Difference between the M-X bond distances of the tetramer compared to the monomer.c Dihedral angle for the
distortion into theD2d structure (180.0° denotes theD4h structure).d Folding angle (γ) of the butterfly structure; c denotes the center of the square ifγ )
180° (i.e., the midpoint between the two top halogen (H) atoms).e D2d structure taken for comparison, which is a first-order transition state. For more details,
see the text.
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the changes in the trends of the group 11 halide tetramers
(Figure 4). The Ag-Br bond distance (2.49 Å) and the
MMMX angle (144.6°) of the AgBr tetramer are in reason-
able agreement with the results (2.52 Å and 148°) obtained
previously.23 The Cu-Cl bond distance in the CuCl tetramer
(2.155 Å) fits well with previous results from MP2 calcula-
tions (2.192 Å) and the experimental value (2.141 Å).20 The
metal-metal bond distances should get shorter with smaller
halogen size. This is not always true. The change in structure
from D4h to D2d causes an additional decrease in the metal-

metal distances; for example, we have a shortening of the
Cu-Cu bond distance from 2.575 (Cu4Br4) to 2.548 Å
(Cu4I4). As expected, the silver-silver bond distances are
all larger than the Cu-Cu distances. The gold-gold bond
distances have the same range as the silver-silver distances,
which might indicate the presence of weak aurophilic
interactions but also reflects the relativistic bond shortening.
Using Bader’s atoms-in-molecules (AIM) approach,60 no
strong or weak bonds between the metal atoms of the gold
halides in theD2d andD4h structures were detected. Accord-
ing to El-Bahraoui et al., the MX dimers (M) Cu or Ag; X
) Cl, Br, or I) show metal-metal interactions;61 however,
for both of the group 11 halide dimers and trimers, we cannot
clearly identify such weak metal-metal interactions.52 As
mentioned before, structure5 clearly shows gold-gold
interactions. Moreover, theD4h to D2d transition leading to
a shortening of the metal-metal distances may be caused
by such metallophilic interactions. The most likely case for
strong aurophilic interactions would be Au4I4, with iodine
being a rather soft ligand. We therefore discuss this molecule
in more detail.

At the BPW91 level of theory, we obtain for Au4I4 a
potential energy curve similar to that shown for Cu4Br4 in
Figure 3, but with a slight modification. Here, theD4h planar
ring structure is a first-order transition state withrAu-Au )
3.713 Å,rAu-I ) 2.643 Å, and an almost perfect right Au-
I-Au angle of 89.2°. A number of stationary points were
found on a very shallow potential hypersurface, including
low-energy first- and second-order saddle points with energy
differences to the global minimum of no more than 3 kcal/
mol, which are not discussed here. A very small distortion
(∆E ) -1.5 kcal/mol; all∆E values are with respect to the
high-symmetry D4h structure in the following) on that
hypersurface leads to a local minimum ofC2V symmetry with
one short (rAu-Au ) 2.945 Å) and one long (rAu-Au ) 3.878
Å) intrametallic distance. Here, the Au-I distances do not
differ much (rAu-I ) 2.649 and 2.673 Å), andRAu-I-Au )
66.9°. For this structure, the folding angle from theD4h to
the C2V structure isγI-c-I ) 132.8° (c denotes the center
atom placed between the two top iodine atoms; see Table 3
for further explanations). The global minimum (∆E ) -2.6

Figure 4. Dissociation energy per monomer unit and metal-halide bond
distances for the group 11 halide tetramers.

Figure 5. Total energy against the dipole moment for a dipole-dipole
interaction, including a repulsive term as shown in eq 1. Ringlike structure
(D4h, solid line). Cubic structure (Td, dashed line).

Table 3. Mulliken Charges (q) and Orbital Populations at the Metal
Center and the Orbitals of Metals and Halides in Tetramers with the
BPW91 Functional

qM

qM

(mon)a sM pM dM sX pX

[CuF]4 0.50 0.51 0.34 0.41 9.72 2.01 5.49
[CuCl]4 0.09 0.35 0.65 0.49 9.75 1.94 5.09
[CuBr]4 0.10 0.31 0.60 0.45 9.83 1.86 5.19
[CuI]4

b -0.12 0.12 0.83 0.41 9.86 1.89 4.97
[AgF]4 0.76 0.79 0.30 0.15 9.77 2.04 5.70
[AgCl]4 0.68 0.58 0.40 0.16 9.74 2.05 5.56
[AgBr]4 0.29 0.45 0.59 0.29 9.82 2.00 5.24
[AgI] 4 0.30 0.39 0.54 0.33 9.82 2.03 5.21
[AuF]4 0.73 0.60 0.67 0.09 9.51 2.06 5.64
[AuCl]4 0.51 0.39 0.58 0.25 9.65 2.04 5.38
[AuBr]4 0.36 0.34 0.76 0.25 9.62 2.11 5.18
[AuI] 4 0.09 0.26 0.79 0.34 9.78 2.15 4.95

a Metal charge for the group 11 halide monomers.b D2d structure taken
for comparison, which is a first-order transition state. For more details, see
the text.
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kcal/mol) has a rather short Au-Au bond distance of 2.946
Å and a slightly larger Au-I bond distance of 2.683 Å. For
the angles, we haveRAu-I-Au ) 66.6° and γI-c-I ) 93.3°.
This may indicate some aurophilic interactions. The energy
differences are, however, very small. On the other hand, it
is well-known that the density functional theory may not be
able to correctly account for weak metallophilic closed-shell
interactions. We therefore decided to carry out second-order
many-body perturbation theory calculations for the electron
correlation (MP2).

Because the MP2 calculations are more involved in terms
of computer time, the Au (5s5p) and I (5s) orbitals were
kept inactive in the MP2 procedure. The results are neverthe-
less interesting. The high-symmetryD4h point remains a
transition state, with the Au-Au bond distances substantially
shortened (i.e.,rAu-Au ) 2.783 Å, rAu-I ) 2.651 Å) and a
rather large deviation from the ideal right Au-I-Au angle
(58.3°). Hence, the structure is better described as a planar
Au4 cluster with four bridging iodine atoms. It was indeed
found recently that the minimum structure of Au4 is not
tetrahedral, as one naively expects, but planar and ofD2h

symmetry.62 The distorted Au4I4 D2d minimum structure is
now 6.6 kcal/mol lower in energy, significantly more than
at the DFT level, clearly showing aurophilic interactions.
Most surprising, however, is that the Au-Au bond distance
slightly increasesto 2.794 Å, while the Au-I bond distance
decreases to 2.644 Å, compared to those of theD4h structure.
For the angles, we obtainRAu-I-Au ) 63.8° and γI-c-I )
81.8°. Hence, the distortion can be described as leaving the
Au4 cluster intact with two opposite bridging iodine atoms
moving up and the other two iodine atoms moving down
the plane. We point out, however, that more sophisticated
electron correlation procedures, together with larger basis
sets, are required to obtain a clearer picture of the bonding
situation in these clusters since MP2 seems to overestimate
such aurophilic interactions, as mentioned recently by
O’Grady and Kaltsoyannis.9 We, therefore, did not reinves-
tigate the other M4X4 systems at the MP2 level of theory.

We finally mention Cu4I4, where theD2d structure is a
first-order transition state in contrast to all of the other metal
halide clusters. The distortion intoD2 symmetry gives the
global minimum which is only 0.4 kcal/mol below the
transition state. Here, the Cu4 core is planar rhombic with a
Cu-Cu bond distance of 2.518 Å and therefore shorter
compared to that of theD2d structure. The Cu-Cu-Cu
angles (66.3 and 113.7°) deviate substantially from the ideal
90° angle. The Cu-I bond distances are 2.522 and 2.454 Å.
Interestingly, the folding angle ofγI-c-I ) 89.4° does not
change much from that of the idealD2d structure.

The reaction enthalpy for the formation of [CuCl]4 was
determined to be-168 kcal/mol,11 agreeing well with our
calculated value of-170 kcal/mol, considering that there is
a deviation in the experimental values for the dimers and
trimers14 and the general accuracy of generalized gradient
or hybrid density functionals in combination with large basis
sets.63 We also mention that the MP2 dissociation energy
for Au4I4 of 46.9 kcal/mol is significantly higher compared

to the DFT result shown in Table 3, and most of this
difference can possibly be attributed to aurophilic interac-
tions.

As far as the Mulliken analyses are concerned (Table 3),
the most significant trends in the charges are due to the
variation of the halides with large decreases in metal charges
from F and I. As the transition to the tetramer from the
monomer occurs, ligand-to-metal (pL f sM) charge donation
becomes more and more significant, with the pM population
becoming systematically larger for increasing cluster size.
No significant metal-metal overlaps were found for the
tetramers at the DFT level of theory, in line with the AIM
analysis. The occupancy of the s orbitals increases from
fluoride to iodide, with [CuI]4 having a higher s occupancy
(s0.8) than the silver and gold compound (both s0.5). While
the d occupation increases from fluoride to iodide as
expected, the differences are small. In the halides, the
corelike s orbitals are fully occupied, and the p orbitals
become less occupied from fluoride to iodide. Compared to
the monomeric units, the metal s orbitals are more depopu-
lated and, correspondingly, the d orbital occupation de-
creases. In summary, the MX bonds can best be described
as ionic with a charge transfer from the metal s to the halide
p orbitals. There is a smaller amount ofπ bonding due to
the donation from the p ligand to the metal pπ orbitals, which
is more pronounced in the tetramers and increases from F
to I. Metal d participation in the bonding becomes more
important for the softer ligands.

(XMPH 3)4 Clusters. The coordination of phosphane
completely changes the structures of these tetramers (Figures
2 and 6). The ring structure found for the halides does not
represent a minimum on the potential energy surface. The
copper and silver chloride and bromide phosphane tetramers
have minima for a heterocubaneTd structure7, a Ci step-
cluster structure8, and aC1 structure that is a distortion of
8 (Table 4). For all copper and silver compounds,7
represents the global minimum structure. Structure9 is about
10 kcal/mol higher in energy, and8 is about 0.3 kcal/mol
higher in energy than9, except for [CuCl(PH3)]4, where9
does not represent a minimum structure.

The gold chloride and bromide phosphane tetramers have
different structures compared to the copper and silver
homologues (Table 5). Structures7-9 and planar ring
structures, such as those found for the halide tetramers, do
not represent minima for the gold compounds. Such ringlike
structures are better known for Au(III) coordination com-
pounds.64 Unlike the copper and silver compounds, the
X-Au-P unit remains linear in all cases. The interactions
responsible for the aggregation are metal-metal interactions.6

With the exception of11, the gold compounds form dimers,

Table 4. Energies (including zero-point correction in kcal/mol) of
Cu(I) and Ag(I) Phosphane Halide Tetramers Relative to the Minimum
Structure7 at the B3LYP Level of Theory

7 8 9

[ClCuPH3]4 0 11.8
[BrCuPH3]4 0 11.1 10.9
[ClAgPH3]4 0 12.2 11.8
[BrAgPH3]4 0 9.9 9.6
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which prefer an angle of about 30° between the X-Au-P
units to a parallel arrangement. Combination of the dimers
results in the observed structure types.

In 10, four gold atoms are in a square planar arrangement
with the halide and phosphane ligands alternating above and
below the plane. In11, three XAuPH3 molecules form a
propeller around a central XAuPH3 unit with three Au-Au
interactions. Structure12 shows two dimers stacked alter-
natingly, forming a Au4 tetrahedron with two smaller and
two longer gold-gold bonds. A linear structure13 and two
separate dimers14 are 5 and 10 kcal/mol higher in energy
than structures10-12. Due to the observed ligand exchange
of some gold compounds to form [AuX2]-[Au(PH3)2]+

complexes,39 we optimized all previous structures, as well
as those mentioned earlier,41 to determine the energetics of
this ligand exchange. Only one ionic minimum structure was
found. Structure15has a distorted square planar arrangement
like 10, with alternating AuX2

- and Au(PH3)2
+ units. No

minimum was found for the (+ - - +) or (- + + -)
arrangements of LAuL+ and XAuX-,41 which can be
understood from simple electrostatic arguments. However,
these structures do exist with ligands other than PR3 or X )
halogen, although they are rare, for example, in [AuX(py)]4

(X ) Cl, Br, or I; py ) pyridine)65 or more recently in
(Me2PhP)AuGeCl3.66 Structure15 is ∼10 kcal/mol higher

in energy for chloride and bromide than10-12. In the solid
state,15 might very well be favored over10-12 because of
additional ionic interactions with other units.

The binding energy for the copper and silver chloride
phosphane tetramers, as defined for the pure halide tetramers,
is ∼18 kcal/mol. For the bromides, it is slightly lower at
∼16 kcal/mol (Table 6). The gold tetramers show lower
binding energies of 12.2 kcal/mol for the chloride and 9.9
kcal/mol for the bromide. The binding energies are much
lower than those of the bare halide tetramers, showing that
the monomeric phosphanes are electronically more saturated.
The lower binding energy for the bromides compared to that
of the chlorides follows the trend for the halide tetramers.

The M-X bond distances of the copper and silver
compounds are about 0.35 Å longer in the tetramers than in
the monomers due to the double coordination of the halides
in the monomers. The M-P bond distances are only∼0.05
Å longer in the tetramers than in the monomers. In the gold
tetramers, the M-X and the M-P bond lengths become only
slightly (ca. 0.05 Å) longer. The bond distances of crystal
structures are shorter than the calculated ones, especially for
the M-P distances. We note that using PH3 ligands instead
of other PR3 ligands can have a non-negligible influence on
the bonding and stability of these phosphane complexes.67

The metal-metal bond distances in the copper (3.247 Å
for Cl and 3.111 Å for Br) and silver (3.622 Å for Cl and
3.623 Å for Br) phosphane halides are considerably longer
than the metal-metal distances in the halides and indi-
cate that there is no metal-metal interaction present. In
[ClAuPH3]4 (10) we find one short Au-Au bond distance
of 3.481 Å, another of 3.615 Å, and two long gold-gold

Figure 6. Computed structures of the gold(I) phosphane halide tetramers.

Table 5. Energies (including zero-point correction, in kcal/mol) for the
Au(I) Phosphane Halides Relative to the Minimum Structure at the
B3LYP Level of Theory

10 11 12 13 14 15

[ClAuPH3]4 0 2.4 1.9 5.6 10.6 9.5
[BrAuPH3]4 0.3 0 1.2 4.1 8.7 8.9
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distances of 3.817 Å. Despite the long bond distances for
[ClAuPH3]4, structure10 is 2.4 kcal/mol lower in energy
than11, which has three shorter Au-Au bond interactions
compared to the four longer interactions of10. The ClAuPH3

dimer has two structures very close in energy, one with large
gold-gold bond distances and close H-Cl interactions,68

thus maximizing dipole-dipole interactions, and the other
one with close gold-gold bond distances, thus maximizing
aurophilic interactions. The second structure is slightly lower
in energy. Structures10 and11 show the same pattern; in
10, the hydrogen-chlorine close contacts are dominant, and
in 11, aurophilic interactions become important. For the
bromide structure, the global minimum11 is only 0.3 kcal/
mol lower in energy than10. Here, the gold-gold bond
distances to the central gold atom are 3.265 Å (between the
peripheral gold atoms the distance is 5.646 Å) and the torsion
angles close to 120° between two XAuPR3 units, thus
maximizing aurophilic interactions and minimizing dipole-
dipole interactions. In comparison, for10, the minimum
gold-gold bond distance is 3.638 Å. This has been discussed
extensively in the past.4,8,68 We note that the density
functional calculations will underestimate the dispersive type
of interactions, and the calculated Au-Au bond distances
are probably too large.

The metal and halide charges of the copper and silver
XMPH3 monomers are much lower than those of the
corresponding halides due to the electron-donating character
of the PH3 ligand (Table 7). The charges of the copper and
silver halide tetramers remain almost identical to those of
the monomers. The electronegativity of gold is increased by
relativistic effects,58 and the metal charges for gold are
negative in contrast to copper and silver. The propeller-like

bromide structure11 has three gold charges of-0.21 and a
positive charge of 0.06 on the central gold atom.

Conclusion

All group 11 metal halide tetramers adopt ringlike
structures. [CuCl]4 has already been explored in theD4h ring
structure, with the halogen atoms on the corners and the metal
atoms in the middle of the edges. Our calculations indicate
that all of the tetramers haveD2d structures, which are derived
from theD4h structure by folding the ring along a diagonal.
Using the AIM method, no clear bond paths were found
between the metal atoms in the group 11 halides at the DFT
level of theory. However, at the MP2 level, aurophilic
interactions were clearly identified for Au4I4. The very similar
structures obtained for all group 11 halide clusters suggest
that the well-known differences for the solid-state structures
between the copper and silver halides on one hand (mostly
cubic) and the gold halides on the other hand (chainlike
structures caused by relativistic effects)57 are not evident yet
for such a small cluster size. The potential energy surface
shows a number of local minima and transition states lying
close, within a few kilocalories per mole. Different quantum
theoretical methods may therefore yield different structures
for the global minimum. Nevertheless, the system probably
behaves dynamically at room temperature with fast inter-
conversions between the minima, and gas-phase electron
diffraction studies at such temperatures may not detect such
distortions.

While all group 11 halide tetramers have ringlike struc-
tures, the phosphane complexes of the group 11 chlorides
and bromides are not stable in this configuration. Due to a
lower charge separation in the phosphanes, the binding
energy per monomer unit is lower in the phosphane
coordinated tetramers. The copper and silver halide phos-
phane tetramers favor heterocubane structures with about 10
kcal/mol over two slightly different step-cluster structures.

(68) Pyykkö, P.; Zhao, Y.Angew. Chem., Int. Ed. Engl. 1991, 103, 622;
Angew. Chem.1991, 30, 604.

(69) Churchill, M. R.; Donahue, J.; Rotella, F. J.Inorg. Chem.1976, 15,
2752.

Table 6. Binding Energies (Eb) per Monomer Unit (kcal/mol) of the Global Minimum of Cu(I), Ag(I), and Au(I) Phosphane Halide Structures Relative
to the Monomers and Bonding Parameters (distancesr in Å and anglesR in deg) with the B3LYP Functional

∆Eb r(M-X) r(M-X)mon ∆r(M-X) r(M-X)exp
a r(M-P) r(M-P)mon r(M-P)exp r(M-M) R(P-M-X)

[ClCuPH3]4 18.8 2.517 2.158 0.359 2.35-2.53 2.341 2.297 2.15 3.247 118.7
[BrCuPH3]4 16.9 2.647 2.297 0.350 2.49-2.75 2.374 2.309 2.15-2.17 3.111 113.3
[ClAgPH3]4 18.1 2.754 2.381 0.373 2.65 2.615 2.519 2.39 3.622 119.7
[BrAgPH3]4 15.6 2.883 2.509 0.374 2.74 2.615 2.535 2.41 3.623 117.1
[ClAuPH3]4 12.2 2.432 2.376 0.056 2.383 2.389 3.817 (2x) 178.3

3.615 179.9
3.481 177.7

[BrAuPH3]4 9.9 2.539 2.497 0.042 2.399 2.404 3.265 178.6
2.557 2.409 179.9

a Distances from XCuP(OPH)3 (ref 29b) and XAgPEt3 (ref 69).

Table 7. Mulliken Charges of the Group 11 MX(PH3) (X ) Cl or Br) Monomers and Tetramers

XMPH3 [MX(PH3)]4

M X P M X P

[ClCuPH3]4 0.15 -0.37 0.01 0.14 -0.30 0.04
[BrCuPH3]4 0.13 -0.35 0.02 0.07 -0.24 0.04
[ClAgPH3]4 0.15 -0.37 0.16 0.21 -0.35 0.03
[BrAgPH3]4 0.13 -0.35 0.22 0.16 -0.31 0.02
[ClAuPH3]4 -0.04 -0.27 0.06 -0.09 to-0.11 -0.30 to-0.32 0.12 to 0.15
[BrAuPH3]4 -0.08 -0.22 0.05 0.06 -0.24 0.15

-0.21 (3x) -0.26 (3x) 0.12 (3x)
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The gold tetramers have totally different structures since they
retain their linearity upon oligomerization. Perhaps the
explanation for the occurrence of aurophilic interactions may
be found here as linear X-Au-Y units facilitate such
interactions. [XAuPH3]4 bromides and chlorides show two
different structure types, one governed by dipole-dipole
interactions and the other by gold-gold interactions. Both
structures are within 2 kcal/mol for both the chloride and
bromide. The dipole structure is favored for the chloride,
the other for the bromide. The minimum structure for the
chloride is a Au4 square with alternating substituents above
and under the plane, and the bromide structure is best
described as three molecules forming a propeller around the
central hub.

The investigated copper and silver halide phosphanes have
no significant metal-metal interactions at the DFT level of

theory. The metal-metal distances are too long, which is
consistent with the ClCuPH3 and BrAgPH3 dimers, where
no metal-metal bonds were found.61 The tetramers of the
gold halide phosphanes show a variety of structures that are
very close in energy and have different contributions from
electrostatic interactions between the ligands plus close
metal-metal contacts.
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