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To explore the metal–metal interaction and spectroscopic
properties, the ground- and excited-state structures of
[M2(dpm)2]2+ [M = Ag (2), Cu (3), dpm = bis(diphosphanyl)-
methane] and their solvated species [M2(dpm)2]2+·(MeCN)2

were optimized by the MP2 and CIS methods, respectively.
In the ground states, the calculated M–M distances and their
corresponding M–M stretching frequencies for 2 and 3 indi-
cate the presence of metallophilic attraction; there is strong
N�Cu/Ag coordination in acetonitrile, which is different
from the case in previous studies of [Au2(dpm)2]2+ (1). CIS
calculations show that 2 and 3 have 1,3[σ*(d)σ(s/p)] as their
lowest-energy excited state, as is also the case for 1, con-
firmed by unrestricted MP2 calculations. On the basis of the

Introduction

Despite the fact that two closed-shell metal cations
would normally be expected to repel each other, a larger
number of inorganic and organometallic complexes have
been described whose structures indicate strong metal–me-
tal interactions.[1–5] Among these interactions, the AuI–AuI

interaction has been intensively investigated both experi-
mentally[6–11] and theoretically,[2–4,12–17] and coined as “aur-
ophilicity” by Schmidbaur.[18] The energy of the aurophilic
attraction in the solid state and solution was estimated to
be 7–15 kcal/mol,[3] comparable to that of hydrogen bonds.
Pyykkö et al.[1–4] have attributed the attraction to corre-
lation effects that are strengthened by relativistic effects.

The Au–Au aurophilic attractions often result in unusual
photochemical and photophysical properties for the AuI

complexes.[6–11] It was found that their unique spectroscopic
features in the absorption and emission spectra clearly re-
late to the presence of the Au–Au interactions. The lumines-
cence of AuI complexes was assigned as a metal-centered
(MC) transition or a metal–metal-to-ligand charge-transfer
(MMLCT) transition.[12–17] Recently, we calculated the aur-
ophilic interactions and excited-state properties of model
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CIS-optimized structures, the TD-DFT (B3LYP) method was
employed to calculate the emission spectra of such com-
plexes. For 3, the phosphorescent emissions were calculated
at 424 and 514 nm in the solid state and acetonitrile, which
is comparable to the experimental data of 475 and 480 nm,
respectively. The comparison between the gas-phase and
solution emissions for 1–3 reveals that the N�M coordination
results in a large red-shift of the emission wavelength. Tak-
ing previous studies into account , we found that the M–M
distances are linearly correlated with the M–M stretching fre-
quencies for the dinuclear d10 complexes.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

complexes [Au2(dpm)2]2+ (1),[12,13] [Au2(dpm)(i-mnt)] (4),[16]

and [(AuPH3)2(i-mnt)] (5)[16,17] [dpm = bis(diphosphanyl)-
methane and i-mnt = i-malononitriledithiolate]. The results
revealed that the 507-nm phosphorescent emission of 1 in
acetonitrile has the σ[s(Au2)]�σ*[d(Au2)] (MC) transition
property,[13] while the 512 and 495-nm emissions in the
CH2Cl2 solution for 4 and 5, respectively, arise from the
Au–Au to i-mnt charge-transfer (MMLCT) transition.[16]

The AuI–AuI interaction is strengthened in these emissive
excited states, resulting from the formation of a σ single
bond between the AuI centers upon excitation.

Though aurophilic attraction between gold() atoms is
widely acknowledged,[1–20] the development of silver–silver
(argentophilicity)[21,22] and copper–copper (cuprophilic-
ity)[22–24] bonding interactions remains in its infancy. Che
and coworkers[25–32] have structurally characterized a series
of luminescent dinuclear d10 complexes with bridging phos-
phane ligands. The d10–d10 metallophilicity in these com-
plexes was confirmed by Raman spectroscopy. For
[M2(dcpm)2](X)2 [M = Au, Ag, and Cu; X = counteranion;
dcpm = bis(dicyclohexylphosphanyl)methane], with metal–
metal distances of 2.939, 2.960, and 2.731 Å, respectively,
the 88, 80, and 104-cm–1 fundamental bands were assigned
to the M–M stretching vibrations.[27–29] These d10 com-
plexes exhibit intense luminescence either in the solid state
or in solution, which is experimentally attributed to the
σ[(n + 1)p]�σ*(nd) transitions.

Apart from the above fundamental interest, the existing
and/or potential applications based on d10 coinage metal
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complexes such as optical materials, photocatalysts, biosen-
sors, and molecular pharmacology have also received the
attention of many researchers.[6,22–24,33–37] For example, it
has been suggested that the therapeutic action of gold drugs
for rheumatoid arthritis is related to the ability of the AuI

complexes to quench the singlet oxygen 1∆g state at
7752 cm–1.[37] Such applications of the d10 complexes are
clearly pertinent to their excited-state properties. Therefore,
the theoretical investigation of the electronic structures of
the ground- and excited states of the complexes is also of
practical significance.

So far, computational methods are sufficiently advanced
to allow calculation of ground- and excited states of rela-
tively large molecular complexes.[38] At the same time, ex-
periments provide wide and accurate information that can
serve as a test for the computational methods. In theory
these make both the systematic investigations of the M–M
interactions and the luminescence of the d10 coinage metal
complexes possible. Since the presence of a bridging ligand
facilitates the intramolecular interaction,[4] the series of
complexes, [M2(P–P)2]2+ [M = Au, Ag, and Cu; P–P =
dmpm, dppm, and dcpm; dmpm = bis(dimethylphos-
phanyl)methane and dppm = bis(diphenylphosphanyl)-
methane], with eight-membered-ring conforma-
tion,[24–31,38–44] are ideal candidates for such investigations.

Here, we use the second-order Møller–Plesset pertur-
bation (MP2)[46] and single excitation configuration interac-
tion (CIS)[38] methods to fully optimize the ground- and
excited-state structures of model complexes [M2(dpm)2]2+

[M = Ag (2) and Cu (3)] and their solvated species
[M2(dpm)2]2+·(MeCN)2, respectively. On the basis of the
MP2- and CIS-optimized structures, the absorption and
emission spectra of such complexes were obtained from
TD-DFT (time-dependent density functional theory)[47–49]

calculations, respectively. Combined with the previous stud-
ies on 1, the calculated M–M distances (3.03–3.16 Å) and
their corresponding M–M stretching frequencies (69–
89 cm–1) for 1–3 indicate the presence of metallophilic at-
traction in the ground states. Complexes 1–3 give rise to the
metal-centered σ(s, pz)�σ*(dx2–z2, dy2) emissions, both in
the gas phase and in solution, revealing that the dinuclear
d10 complexes with bridging phosphane ligands have the
intrinsic 1,3[σ*(d)σ(s/p)] excited states (the M2P4 unit lies in
the xz plane and the z axis goes through the two metal
atoms).

Computational Details and Theory

It has been found that the complexes, [M2(P–P)2]2+ (M
= Au, Ag, and Cu; P–P = dmpm, dppm, and dcpm), form
a series of discrete dinuclear M() dimers in the crystalline
phase, i.e. no intermolecular M()–M() interac-
tions.[25–30,40–45] There are close cation–anion contacts of
2.692 and 2.687 Å (M···O) in the crystal lattices of
[Ag2(dcpm)2]·(CF3SO3)2

[28] and [Cu2(dcpm)2]·(ClO4)2,[29]

respectively, but such interactions are not apparent in the
X-ray structure of the gold() congener [Au2(dcpm)2]·(ClO4)2
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(closest Au···OClO3, 3.362 Å).[25,26] Therefore, these types
of complexes can be modeled by [M2(dpm)2]2+ and
[M2(dpm)2]·(ClO)2, which reflect the behaviors in the gas
phase and solid state, respectively. To save the computa-
tional resources, the hydrogen was used to replace methyl,
phenyl, cyclohexyl and other heavy substituents in the ab
initio studies. A similar model has been applied in many
studies.[12–17,50,51]

In this work, we employed the Ci symmetry to settle the
ground- and excited-state conformations of [M2(dpm)2]2+

[M = Ag (2) and Cu (3)], which are consistent with the
results from the X-ray diffraction study of [M2(dcpm)2]·(X)2

(X = counteranion).[28–30] Because the solvent affects the
luminescence of the complexes,[12,13,16,17,25–32,40] we used the
solvated species [M2(dpm)2]2+·(MeCN)2 to establish the sol-
vent effects of acetonitrile.

All the calculations were carried out using the
GAUSSIAN03 program package.[52] The ground- and ex-
cited-state structures of 2 and 3 and their solvated species
were fully optimized by the MP2[46] and CIS[38] methods,
respectively. On the basis of such optimized structures, the
TD-DFT (B3LYP)[47–49] method was performed to calculate
the absorption and emission spectra of the complexes.

In the calculations, quasi-relativistic pseudopotentials of
the Ag, Cu, and P atoms proposed by Hay and Wadt[53,54]

with 19, 19, and 5 valence electrons, respectively, were em-
ployed, and the LanL2DZ basis sets associated with the
pseudopotential were adopted. In order to describe the d10–
d10 metallophilic attraction and the molecular properties
precisely, one additional function was implemented for Ag
(αf = 0.22), Cu (αf = 0.24), and P (αd = 0.34).[2–4] The basis
sets were taken as Ag(8s6p4d1f/3s3p2d1f), Cu(8s5p5d1f/
3s3p2d1f), P(3s3p1d/2s2p1d), N(10s5p/3s2p), C(10s5p/
3s2p), and H(4s/2s). Thus, 152 basis functions and 80 elec-
trons for 2 and 3 and 218 basis functions and 124 electrons
for 2·(MeCN)2 and 3·(MeCN)2 were included in the calcu-
lations.

Results and Discussion

Ground-State Structures

We used the MP2 method to fully optimize the ground-
state structures of 2 and 3 and solvated species 2·(MeCN)2

and 3·(MeCN)2. Their structures are depicted in Figure 1.
Under the Ci symmetry, these complexes have 1Ag ground
states. The main optimized geometry parameters are listed
in Table 1 and Table 2, together with the data from X-ray
crystal diffraction studies for [M2(dcpm)2]·(X)2 (M = Ag, X
= CF3SO3

–; M = Cu, X = ClO4
–).[28,29] For 2 and 3, the d10

metal atoms take on a nearly linear two-coordinate geome-
try; the calculated P–M–P angles are 178.9° and 179.1°,
comparable to the experimental values of 172.4° and 162.5°,
respectively, as shown in Table 1. In the crystalline struc-
ture, the cation–anion interactions (M···O = 2.692 and
2.687 Å for the Ag and Cu complexes, respectively) result in
a large difference between the calculated and experimental
results.
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Table 1. Optimized geometry parameters of [Ag2(dpm)2]2+ (2) and [Cu2(dpm)2]2+ (3) using the MP2 method for the 1Ag ground state and
the CIS method for the 1Au and 3Au excited states.

2 3

Parameters 1Ag Exp.[a] 1Au
3Au

1Ag Exp.[a] 1Au
3Au

Bond length [Å]
M–M 3.160 2.960 2.981 3.056 3.061 2.731 2.667 2.704
M–P 2.498 2.405 2.827 2.840 2.230 2.229 2.566 2.543
P···P 3.112 3.116 3.125 3.099 3.125 3.113
Bond angle [°]
P–M–P 178.9 172.4 177.3 178.6 179.1 162.5 169.8 170.8
P–M–M 89.5 91.8 91.4 90.7 90.5 95.1 94.6
Dihedral angle [°]
P–M–M–P 180.0 180.0 180.0 180.0 180.0 180.0

[a] Experimental values of [Ag2(dcpm)2]·(CF3SO3)2 and [Cu2(dcpm)2]·(ClO4)2 are from ref.[27] and ref.[28], respectively.

Figure 1. Ground- (left side) and excited- (right side) state struc-
tures for [M2(dpm)2]2+ [M = Ag (2) and Cu (3)] and their weakly
solvated species [M2(dpm)2]2+·(MeCN)2.

The calculated 180.0° dihedral angles of P–M–M–P for
2 and 3 indicate that the M2P4 unit is coplanar. However,
the interaction between the M() atom and acetonitrile in
2·(MeCN)2 and 3·(MeCN)2 results in M2P4 distortion from
the original planarity, which is reflected by the calculated
P–M–M–P dihedral angles of 151.3° and 138.4° (Table 2).
The M–N distances are 2.380 and 1.976 Å for 2·(MeCN)2

and 3·(MeCN)2, respectively, which are very close to the
experimental distances of 2.382 and 2.029 Å for [Ag2(dppa)2-
(MeCN)2]·(PF6)2 (dppa = Ph2PNHPPh2)[22] and
[Cu2(dcpm)2(MeCN)2]·(Y)2 (Y– = ClO– and BF4

–)[29,30] and
similar to the distances of 2.116 and 1.886 Å for [M2-
(form)2] [M = Ag and Cu, form = (p-CH3C6H4)NCHN(p-
CH3C6H4)].[55] In previous studies,[13] the calculated Au–N
distance in 1·(MeCN)2 is 2.600 Å (Table S1 of the Support-
ing Information), which is much longer than the Au–N dis-
tance of 2.090 Å in [Au2(dpim)2]·(ClO4)2 [dpim = 2-(di-
phenylphosphanyl)-1-methylimidazole].[56] Our calculated
M–N distances for 1–3 in acetonitrile suggest that the
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Table 2. Optimized geometry parameters of [Ag2(dpm)2]2+·(MeCN)2

[2·(MeCN)2] and [Cu2(dpm)2]2+·(MeCN)2 [3·(MeCN)2] using the
MP2 method for the 1Ag ground state and the CIS method for the
1Au and 3Au excited states.

2·(MeCN)2 3·(MeCN)2

Parameters 1Ag
1Au

3Au
1Ag

1Au
3Au

Bond length [Å]
M–M 3.069 2.986 3.046 2.875 2.920 3.003
M–P 2.517 2.917 2.838 2.299 2.768 2.646
M–N 2.380 2.401 2.441 1.976 2.102 2.149
P···P 3.073 3.063 3.086 3.034 3.042 3.061
Bond angle [°]
P–M–P 150.9 178.4 179.2 138.1 177.4 178.7
P–M–M 92.6 90.7 90.4 93.7 91.3 90.6
N–M–M 109.5 179.8 179.8 113.9 179.8 180.0
Dihedral angle [°]
P–M–M–P 151.3 179.5 179.7 138.4 179.7 179.9

M···N interactions are strong enough to form an M–N sin-
gle bond for the Ag and Cu complexes, but very weak in the
Au complex. The M–N bonding energies in (1–3)·(MeCN)2

were estimated by using the Counterpoise method at the
MP2 level. They are approximately 18.9, 27.0, and 36.5
kcal/mol, respectively. The present studies substantiate the
previous conclusion that the AuI atom favors a linear two-
coordinate arrangement, while the AgI and CuI atoms have
the formal three coordination.[57]

The M()–M() separations that were calculated are
3.033, 3.160, and 3.061 Å for 1–3 in the ground states,
which correspond to the experimental data of 2.939, 2.960,
and 2.731 Å, respectively.[26,28,29] There is a large difference,
especially for the Ag and Cu complexes. The following two
reasons may be responsible for this. First, the choice of ba-
sis sets may cause such a difference. Hence, the SDD basis
set, which is larger than the LanL2DZ basis set, was used
to optimize 1–3 in order to judge the basis-set effect. The
calculated results show that the Ag–Ag distance is short-
ened by about 0.1 Å but the Au–Au and Cu–Cu distances
are nearly unchanged upon increasing the basis sets as
shown in Table S2 of the Supporting Information. Second,
in our calculations we used the model complex [M2(dpm)2]2+

to replace the real complex [M2(P–P)2]2+ (P–P = dmpm,
dppm, and dcpm). This substituent approximation may af-
fect the geometry parameters of the complexes. In Table S2,
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we list the optimized geometry parameters of [M2-
(dmpm)2]2+ (M = Au, Ag, and Cu) and the data for [M2(P–
P)2](X)2 (M = Au, Ag, and Cu; P–P = dmpm, dppm, and
dcpm; X = counteranion) that were determined from ex-
periments.[22,26,28,29,40–45] One can see that the calculated re-
sults have now improved. The M–M distances of
[M2(dmpm)2]2+ (M = Au, Ag, and Cu) are 2.985, 3.021 and
2.818 Å, respectively and approach the experimental values.
Table S2 of the Supporting Information indicates that al-
though the use of the larger basis sets (SDD) and heavy
substituent on the phosphorous atoms (e.g. dmpm ligand)
in the calculations presents results that are closer to the
experimental values, the calculated results for [M2(dpm)2]2+

with the LanL2DZ basis sets can also describe the essential
characteristics of real complexes.

The natural bond orbital (NBO) analysis[58–60] using the
MP2 density shows that the M atoms of 1–3 have net elec-
tronic charges of +0.31, +0.56, and +0.56, respectively,
while electronic charges residing on the P atoms are +0.39,
+0.28, and 0.27. This indicates that the electrons of the P
atoms transfer to the original (n + 1)s and (n + 1)p empty
orbitals of M(). Consequently, the closed-shell electronic
configurations, nd10(n + 1)s0, are no longer kept in 1–3 but
become 5d9.766s0.876p0.034f0.03 (Au), 4d9.895s0.525p0.024f0.01

(Ag), and 3d9.864s0.564p0.024f0.01 (Cu) instead. Because the
relativistic effects are stronger on Au than on Ag and Cu,[61]

there is more 5d�6(s, p) population transfer for the Au
atom. Such a destruction of metal closed-shell structures
may be one of the predominant driving forces in causing
metallophilic attraction.

Absorption Spectra

According to the vertical electron-transition mechanism
in the absorption process, the optimized ground-state struc-
tures of (1–3)·(MeCN)2 were kept, while TD-DFT (B3LYP)
calculations were performed in order to calculate the ex-
cited states related to the absorption. With respect to the
1Ag ground state under the Ci point group, the 1Ag�1Au

Table 3. Calculated absorptions of [Au2(dpm)2]2+·(MeCN)2, [Ag2(dpm)2]2+·(MeCN)2, and [Cu2(dpm)2]2+·(MeCN)2 at the TD-DFT
(B3LYP) level.

Trans. ener. Exp. [nm][a]
States Conf. |CI coeff.| � 0.2 f

[nm] [eV] dcpm dmpm dppm

Au A1Au 31au�32ag 0.67310 291 4.26 0.162 278 269 292
B1Au 30au�32ag 0.68089 237 5.23 0.050 243 239 267
C1Au 29au�32ag 0.68087 224 5.53 0.022 213

Ag A1Au 31au�32ag 0.68321 256 4.84 0.132 261
B1Au 30au�32ag 0.68629 238 5.22 0.070
C1Au 31au�33ag 0.43752 201 6.18 0.003

29au�32ag 0.42265
31ag�32au 0.25181

Cu A1Au 31au�32ag 0.53146 283 4.39 0.036 319
30au�32ag –0.43078

B1Au 29au�32ag 0.68166 246 5.04 0.071 269
C1Au 28au�32ag 0.67986 231 5.38 0.011
D1Au 27au�32ag 0.66148 219 5.66 0.009

[a] The absorptions in acetonitrile of [M2(dcpm)2]2+ (M = Au, Ag, and Cu) are from ref.[24], ref.[27] and ref.[28], respectively. The results
of [Au2(dmpm)2]2+ are from ref.[8] and those of [Au2(dppm)2]2+ from ref.[30,31,38]
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transition is spin-dipole-allowed. We obtained low-lying di-
pole-allowed transitions of (1–3)·(MeCN)2 that represent
the possible absorptions of 1–3 in acetonitrile. Transition
energies (eV/nm) of these absorptions are presented in
Table 3, together with the corresponding oscillator
strengths and experimental values available.[8,25,28,29,31,32,39]

In order to conveniently assign the calculated electronic ab-
sorptions, the electron density diagrams of the frontier mol-
ecular oribitals involved in the transitions are displayed in
Figure 2.

For 1·(MeCN)2, we obtained three low-lying absorptions
from the TD-DFT calculations. In Figure 2, one can see
that the orbitals involved in the transitions are mainly Au in
character. The analyses of the wave functions of 1·(MeCN)2

suggest that the 29au (HOMO–3), 30au (HOMO–2), 31au

(HOMO), and 32ag (LUMO) orbitals mainly have σ(Au–
P), σ*(dy2–z2), σ*(s, dz2), and σ(spz) character, respectively
(the Au2P4 unit lies in the xz plane and the z axis goes
through the two Au atoms).

The lowest-energy absorption of 1 in acetonitrile was cal-
culated at 291 nm, which results from the 31au�32ag

(HOMO�LUMO) configuration with the largest CI coeffi-
cient of 0.673 in the wave functions (Table 3). We attributed
this absorption to a metal-centered σ*(s, dz2)�σ(spz) transi-
tion. It has been found that [Au2(P–P)2]2+ (P–P = dmpm,
dppm, and dcpm)[8,25,31,32,39] display intense absorption
bands at 269, 292, and 278 nm in acetonitrile, respectively.
These absorptions correspond to the calculated 291-nm ab-
sorption and also arise from a σ*(s, dz2)�σ(spz) transition.
The B1Au excited state of 1·(MeCN)2 gives the absorption
at 237 nm, which corresponds to the experimental absorp-
tion at 239–267 nm (in Table 3).[8,25,31,32,39] The absorption
also has the nature of a MC transition, a σ*(dy2–z2)�σ(spz)
transition. There is much contribution from the phosphane
ligands for the X1Ag�C1Au transition, which is intuitively
reflected in Figure 2. We assigned the 224-nm absorption to
a σ(Au–P)�σ(spz) transition.

With respect to analogous Ag and Cu complexes, we ob-
tained three and four low-lying electronic transitions in ace-



Q.-J. Pan, H.-X. Zhang, H.-G. Fu, H.-T. YuFULL PAPER

Figure 2. Frontier molecular diagrams of [M2(dpm)2]2+·(MeCN)2 (M = Au, Ag, and Cu) in the TD-DFT (B3LYP) calculations.

tonitrile, respectively. By combining the information from
Table 3 and Figure 2, one can see that 2 and 3 have rela-
tively more complicated transitions than 1. The calculated
lowest-energy absorption of 256 nm for 2 in acetonitrile was
assigned to a σ*(s, dz2)�σ(spz) transition, with a maximum
oscillator strength of 0.132; we relate this to the 261-nm
absorption band of [Ag2(dcpm)2]2+ recorded in acetoni-
trile.[28] The lowest-energy absorption of 283 nm for 3 in
acetonitrile is not a pure metal-centered σ*(s, dz2)�σ(spz)
transition, which is different from those of 1 and 2. The
absorption (Table 3) results from the 31au�32ag

(HOMO�LUMO) and 30au�32ag (HOMO–1�LUMO)
configurations and is attributed to the mixture of σ*(s,
dz2)�σ(spz) and σ(Cu–P)�σ(spz) transitions. Our calcu-
lated absorptions agree well with the experimental observa-
tions and provide more detailed information about the tran-
sition properties of the absorptions.

Such analyses show that relativistic effects play a signifi-
cant role in the electronic transitions of 1–3 in acetonitrile,
especially for the lowest-energy HOMO�LUMO transi-
tions. As far as 1–3 are concerned, relativistic effects desta-
bilize the σ*[ndz2(M2)] orbital but stabilize the σ[(n + 1)
spz(M2)], which result in the net effect of a decrease in the
HOMO–LUMO energy gap. Because the later-row transi-
tion metals have stronger relativistic effects, 1 has a smaller
HOMO–LUMO gap (Figure 2) and lower-energy
HOMO�LUMO absorption than 2 and 3 (Table 3). Since
the relativistic effects of Ag are larger than those of Cu, 2
should have a lower HOMO�LUMO absorption in aceto-
nitrile. However, this is not the case in the present calcula-
tions (Table 3). We think that the M–M interactions are
also one of the more important factors that affect the tran-
sition energies for 2 and 3. Table 2 shows that the M–M
distance of 2.875 Å for 3 is much shorter than that of
3.069 Å for 2, which greatly facilitates the lower-energy
transition for the Cu complex. It could be said[1] that
among the coinage metals (Au, Ag, and Cu), only silver is
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“normal”. As already mentioned, gold is anomalous be-
cause of its large relativistic effects. As the underlying node-
less d shell of copper is more compact than that of silver
or gold, copper is often seen to behave differently. This
suggestion has been, to some extent, reflected in such stud-
ies on the electronic absorptions of 1–3. Additionally, it is
worth noting that the spin-orbit interactions are an impor-
tant influence on the transition moments, even if they are
perhaps quenched in the molecular field.

In addition, we also calculated the absorptions of 1–3 in
the acetonitrile solution using the CIS method. Their low-
est-energy absorptions mainly feature the HOMO�LUMO
transitions and the σ*(s, dz2)�σ(spz) characters, as do those
from the TD-DFT calculations. However, the transition en-
ergies of 5.60, 6.66, and 6.68 eV for 1–3, respectively, from
the CIS calculations were severely overestimated relative to
the experimental values. The TD-DFT calculations yield a
better estimation of transition energies of absorptions than
the CIS method.

Excited-State Structures

To describe the luminescent properties of 2 and 3, the
CIS method was used to optimize the excited-state struc-
tures, both in the gas phase and in acetonitrile. Their struc-
tures are shown in Figure 1 and the main optimized geome-
try parameters are listed in Table 1 and Table 2.

With respect to the 1Au/3Au excited states of 2 and 3, the
optimized structures show significant changes compared
with those of their corresponding 1Ag ground states as can
be seen in Table 1. The M()–M() distances are shortened
from 3.160 and 3.061 Å to 2.981/3.056 and 2.667/2.704 Å
for 2 and 3, respectively. The bonding interactions between
the two M() atoms in the 1Au/3Au excited states weaken the
P�M dative bonds.

In solution, the acetonitrile molecules coordinate to the
metal atoms of 2 and 3 with N–M–M angles of 109.5° and
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113.9° in the 1Ag ground states, respectively; in the 1Au/3Au

excited states, the N–M–M angles are close to 180°
(Table 2). The M–N interactions in 2·(MeCN)2 and
3·(MeCN)2 are slightly weaker in the 1Au/3Au excited states
than in the ground states, thus elongating by ca. 0.02/0.06
and 0.03/0.07 Å, respectively. However, the interaction be-
tween the AuI and N atoms in acetonitrile is greatly en-
hanced in the excited states since the Au–N distances of the
1Au/3Au excited states are about 0.17/0.22 Å shorter than
that of the 1Ag ground state (Table S1 of Supporting Infor-
mation). Our previous studies on 1 showed that the N�Au
coordination in acetonitrile results in about a 200-nm red-
shift of the emission wavelength in the 3Au excited state.[13]

Thus, we conjecture that the influence of acetonitrile on
emissions of 2 and 3 is not as significant as on 1.

To certify the validity of the CIS-optimized geometries,
we used the unrestricted MP2 method (UMP2) to optimize
the lowest-energy triplet excited states of 1–3. The main op-
timized geometry parameters of the 3Au excited states are
given in Table 4. The wave functions of the excited states
demonstrate that the HOMOs are the σ bonding orbitals,

Table 4. Optimized geometry parameters of the lowest-energy 3Au

triplet excited states by the UMP2 method for [Au2(dpm)2]2+ (1),
[Ag2(dpm)2]2+ (2), and [Cu2(dpm)2]2+ (3).

Parameters 1[a] 2 3

Bond length [Å]
M–M 2.678 2.709 2.408
M–P 2.404 2.545 2.307
P···P 3.109 3.125 3.385
Bond angle [°]
P–M–P 169.7 170.6 155.5
P–M–M 95.1 94.7 102.2
Dihedral angle [°]
P–M–M–P 180.0 179.3 179.3

[a]. The results of the 3Au triplet excited state of [Au2(dpm)2]2+ (1)
are from ref.[13]

Table 5. Calculated Au–Au stretching frequencies for the ground states and lowest-energy triplet excited states of [Au2(dpm)2]2+ (1),
[Ag2(dpm)2]2+ (2), [Cu2(dpm)2]2+ (3), and related dinuclear AuI complexes at the MP2 level, together with the data from the Raman
Resonance spectra.[a]

Ground state Triplet excited state

Freq. [cm–1] Freq. [cm–1]M–M [Å] M–M [Å]
Calcd. Exp. Calcd. Exp.

1 3.033 (2.939)[b] 89 (104)[c] 88 2.678 144 175
2 3.160 (2.960)[b] 69 (94)[c] 80 2.709 142 180
3 3.061 (2.731)[b] 69 (89)[c] 104 2.408 170 150
4[d] 2.913 110 2.787 135
5[d] 2.945 96 2.786 119
6[d] 3.011 93 2.778 126
7[d] 2.989 96 2.620 164
8[d] 2.979 96 2.619 165
9[d] 2.972 97 2.572 189
10[d] 2.944 101 2.583 179

[a] The M–M frequencies of Raman Resonance spectra are from ref.[26–28]. [b] The M–M distances in parentheses were determined
from X-ray crystal diffraction studies for [Au2(dcpm)2]·(ClO4)2,[25] [Ag2(dcpm)2]·(CF3SO3)2,[27] and [Cu2(dcpm)2]·(ClO4)2

[28]. [c] The M–
M stretching frequencies in parentheses were obtained on the basis of the optimized geometries of 1, 2, and 3 with the fixed experimental
M–M distances. [d] Complexes 4–10 are [Au2(PH2CH2PH2)(i-mnt)], [Au2(PH3)2(i-mnt)], [Au2(PH2CH2PH2)(SCH2S)],
[Au2(PH2CH2PH2)(SHCH2SH)]2+, trans-[Au2(PH2CH2SH)2]2+, cis-[Au2(PH2CH2SH)2]2+, and [Au2(SHCH2SH)2]2+ (i-mnt = i-malononi-
triledithiolate), respectively. Their Au–Au distances and stretching frequencies are from ref.[13] and ref.[16], respectively.
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mainly contributed to by the metal (n + 1)(spz) atomic or-
bitals, and the LUMOs possess σ*(ndz2) character. The 3Au

excited state from the UMP2 calculations has orbital char-
acter that is very similar to that of the 3Au excited state
from the CIS calculations for each complex. Thus, the
3[σ*(d)σ(sp)] states from the UMP2 calculations corre-
spond to those from the CIS calculations. In comparison
with those optimized by the CIS method, the geometry pa-
rameters of the 3Au excited states from the UMP2 method
are more unrelaxed (Table 1 and Table 4). This is because
the latter includes more electron correlation effects.[2–4] De-
spite some differences between the UMP2 and CIS methods
in optimized geometry parameters for 1–3, the two methods
can reasonably predict the excited-state properties of the
complexes.

We have performed the frequency calculations on 1–3 at
the MP2 level for the ground and triplet excited states. No
imaginary frequencies available indicate that these ground-
and excited structures are minimum points. The calculated
M–M stretching frequencies (Table 5) are ca. 89, 69, and
69 cm–1 for 1–3 in the ground states, which are comparable
to the experimental data of 88, 80, and 104 cm–1 for
[Au2(dcpm)2]·(ClO4)2,[27] [Ag2(dcpm)2]·(CF3SO3)2,[28] and
[Cu2(dcpm)2]·(ClO4)2,[29] respectively. Keeping the experi-
mental M–M distances from the MP2 calculations, we opti-
mized the structures of 1–3 and present the calculated M–
M frequencies in Table 5. The M–M stretching frequencies
provide evidence for weak metallophilic attraction between
the two d10 metal atoms in the ground states.

Relative to those in the ground states, the M–M stretch-
ing frequencies greatly increase in the 3Au excited states.
The 144, 142, and 170 cm–1 M–M stretching frequencies of
1–3 correspond to 175, 180, and 150 cm–1 frequencies esti-
mated by Raman Resonance spectroscopy, respec-
tively.[27–29] Such MP2 calculations suggest that the M–M
interaction is weak in the ground state (mean M–M dis-
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Figure 3. Plot of M–M distances versus stretching frequencies in the ground and lowest-energy triplet excited states for a series of
dinuclear d10 complexes, 1–10, from the MP2 and UMP2 calculations, respectively.

tance: 3.10 Å, and M–M stretching frequency: 80 cm–1), but
is strongly enhanced in the triplet excited state (mean M–
M distance: 2.60 Å, and M–M stretching frequency:
150 cm–1).

In Table 5, we summarize the calculated M–M distances
and stretching frequencies in the ground and lowest-energy
triplet excited states for a series of dinuclear d10 complexes,
1–10, from MP2 and UMP2 calculations, respectively.[13,16]

The plot of the M–M distances versus stretching fre-
quencies in Figure 3 intuitively illustrates that the M–M dis-
tances are linearly correlated with the M–M stretching fre-
quencies for the dinuclear d10 complexes.

Table 6. Calculated emissions of [Au2(dpm)2]2+ (1), [Ag2(dpm)2]2+ (2) and [Cu2(dpm)2]2+ (3) in the gas phase, solid state and acetonitrile
solution at the CIS and TD-DFT (B3LYP) levels.

CIS TD-DFT Exp.[a]

λ [nm/eV] f λ [nm/eV] f dcpm dmpm dppm

1 Gas phase 1Au 247/5.03 0.303 318/3.89 0.161
3Au 301/4.12 381/3.25

Solid state[b] 3Au 304/4.08 402/3.08 368
Solution 1Au 339/3.66 0.188 484/2.56 0.116

3Au 507/2.44 818/1.51 490–530 555 565–593
2 Gas phase 1Au 216/5.75 0.127 302/4.11 0.088

3Au 259/4.78 356/3.49
Solid state[b] 3Au 263/4.71 366/3.39 417
Solution 1Au 238/5.19 0.130 366/3.39 0.093

3Au 277/4.48 424/2.93
3 Gas phase 1Au 214/5.78 0.187 328/3.78 0.094

3Au 252/4.93 397/3.13
Solid state[b] 3Au 258/4.81 424/2.92 475
Solution 1Au 249/4.97 0.122 435/2.85 0.084

3Au 281/4.41 514/2.41 480

[a] The emissions of [M2(dcpm)2]2+ (M = Au, Ag, and Cu) in acetonitrile are from ref.[24,25], ref.[27] and ref.[28,29], respectively. The results
of [Au2(dmpm)2]2+ are from ref.[8] and those of [Au2(dppm)2]2+ from ref.[30,31,38]. [b] The results from [M2(dpm)2]·(ClO)2 (M = Au, Ag,
and Cu) with fixed experimental M···O distances of 3.362, 2.692, and 2.687 Å, respectively.
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Emission Spectra

It has been found that the CIS excited-state geometries
are more accurate than the CIS transition energies as indi-
cated in the literature.[62,63] The large deviations in the exci-
tation energies are caused by an unbalanced description of
the ground- and excited states. TD-DFT calculations, based
on linear-response theory, have recently been reformulated
to yield better transition energies than the CIS
method.[63–66] Since the CIS method can present the accu-
rate excited-state geometry and potential-energy surface,
and the TD-DFT calculations can reasonably predict the
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transition energies, the combination of the benefits of the
two methods is a practical approach to describe the excited-
state properties of molecules.

In this paper, we have used the CIS method to optimize
the lowest-energy singlet and triplet excited states for 2 and
3 and their solvated species. On the basis of these optimized
structures, the TD-DFT (B3LYP) method was performed
to calculate the emission spectra of 2 and 3 in the gas phase
and in solution. The calculated emissions are listed in
Table 6, together with the experimental values for
[M2(dcpm)2]·(X)2 (M = Ag, X = CF3SO3

–; M = Cu, X =
ClO4

–).[28–30]

From the TD-DFT calculations, the 1Au/3Au excited
states of 2 and 3 give rise to the 302/356 and 328/397-nm
emissions in the gas phase, and 366/424 and 435/514-nm
emissions in acetonitrile, respectively. According to the
analyses of the wave functions of these excited states, we
attribute the emissions to the metal-centered σ(s,
pz)�σ*(dx2–z2, dy2) transitions, as is the case for those of
1 in previous studies.[13] The detailed information on the
electronic structures of the 3Au excited states for 1–3 are
presented in Table S3 of the Supporting Information, con-
tributing to our understanding of such MC transitions.
Compared with those in the gas phase, the calculated emis-
sions in acetonitrile are red shifted by about 64/68 and 107/
117 nm for the 1Au/3Au excited states of 2 and 3, respec-
tively. The interactions between cation and solvent mole-
cules result in a large red shift. Since the lowest-energy
emissions of 1–3 arise from the metal-centered σ(s,
pz)�σ*(dx2–z2, dy2) transitions, either in the gas phase or in
solution, we think that the dinuclear d10 complexes with
bridging phosphane ligands have the intrinsic 1,3[σ*(d)σ(s/
p)] excited states.

In the crystalline phase of [Ag2(dcpm)2]·(CF3SO3)2
[28]

and [Cu2(dcpm)2]·(ClO4)2,[29] very close cation-anion con-
tacts were determined by X-ray crystal diffraction [2.692

Figure 4. Plot of emission wavelength versus R(M–OCl) (distance between M atom and ClO– anion) for [M2(dpm)2]2+·(ClO)2 (M = Au,
Ag, and Cu) in the TD-DFT (B3LYP) calculations.
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and 2.687 Å (M···O), respectively]. The presence of anions
near the [M2(dcpm)2]2+ cations affects the solid-state emis-
sion. In previous studies of 1,[12] the less bulky ClO– anion
was used to replace the original ClO4

– anion in the
[Au2(dcpm)2]·(ClO4)2 crystalline phase, i.e. 1·(ClO)2 was ap-
plied to simulate the solid-state behaviors of the Au com-
plex. Similar models, 2·(ClO)2 and 3·(ClO)2, were used in
the calculations in order to represent the real complexes,
[Ag2(dcpm)2]·(CF3SO3)2 and [Cu2(dcpm)2]·(ClO4)2, respec-
tively. When the R(M–OCl) distance changes from 5.5 to
2.5 Å, the corresponding phosphorescent emission varies in
the ranges 382–535, 398–440, and 356–370 nm for the Au,
Ag and Cu complexes, respectively. Figure 4 clearly reflects
the correlation between the emission wavelength and R(M–
OCl) for 1–3·(ClO)2. The emission of 1·(ClO)2 is very sensi-
tive to the R(M–OCl) distance, especially when R(M–OCl)
� 3.5 Å, while those of 2·(ClO)2 and 3·(ClO)2 are relatively
insensitive. When R(M–OCl) � 4.0 Å, the anion slightly af-
fects the emissions of the complexes. Keeping the experi-
mental M···O distances 3.362, 2.692, and 2.687 Å in the cal-
culations on [M2(dpm)2]·(ClO)2 (M = Au, Ag, and Cu),
respectively, we obtained the emissions of 1–3 in the solid
state. The calculated phosphorescent emissions are 402,
366, and 424 nm, which are comparable to the experimental
emissions of 368, 417, and 475 nm in the solid state, re-
spectively.[28,29]

From Table 6, one can see that the CIS method overesti-
mates the emission energies by ca. 2 eV with respect to the
experimental values for the Ag and Cu complexes, while
those predicted by TD-DFT are closer to the experimental
values. For 3, the phosphorescent emissions were calculated
at 4.81 eV (258 nm) and 4.41 eV (281 nm) in the solid state
and acetonitrile, respectively, while the experimental values
were severely overestimated [2.61 eV (475 nm) and 2.58 eV
(480 nm)] for [Cu2(dcpm)2]·(ClO4)2.[29,30] TD-DFT calcula-
tions were carried out at the CIS-optimized excited-state
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structure to obtain more accurate estimates of the emission
energies. With TD-DFT, the phosphorescent emission ener-
gies were predicted to be 2.92 eV (424 nm) and 2.41 eV
(514 nm) in the solid state and in acetonitrile, respectively,
which are much closer to the experimental observations.
However, with respect to the Au complex, the CIS and TD-
DFT calculations over- and underestimated the emission
energies, respectively, relative to the available experimental
data.[8,25,26,31,32,39]

Conclusions
In the paper, we used theoretical methods to study the

electronic structures and spectroscopic properties of 2 and
3 and their solvated species. Taking previous studies into
account on 1,[13] we have come to the following conclusions.

For the dinuclear d10 complexes of 1–3, the calculated
M–M distances (3.03–3.16 Å) and their corresponding M–
M stretching frequencies (69–89 cm–1) at the MP2 level
indicate the presence of metallophilic attraction in the
ground states. This is also supported by the NBO analysis
on the electronic configurations of the metal atoms. In ace-
tonitrile, the N�M coordination is strong enough to form
a σ single bond in the Ag and Cu species, but is very weak
in the Au analog. This agrees with the usual coordinated
geometries of the Au, Ag, and Cu atoms.

In the excited states of 1–3, the M–M interactions are
strengthened, resulting from the promotion of electrons
from the σ*(d) antibonding orbital to the σ(s/p) bonding
orbital upon excitation. These complexes give rise to the
metal-centered σ(s, pz)�σ*(dx2–z2, dy2) emissions, both in
the gas phase and in solution, revealing that the dinuclear
d10 complexes with bridging phosphane ligands have the
intrinsic 1,3[σ*(d)σ(s/p)] excited states. The comparison be-
tween the gas-phase and solution emissions for 1–3 shows
that the N�M coordination results in a large red shift of
the emission wavelength.

Taking previous studies into account, we found that the
M–M distances are linearly correlated with the M–M
stretching frequencies for the dinuclear d10 complexes in the
ground and lowest-energy triplet excited states.

In comparison with experimental values, the CIS calcula-
tions severely overestimate the transition energies of the Ag
and Cu complexes, but the TD-DFT calculations reason-
ably predict their transition energies. However, with respect
to the Au analog, the CIS and TD-DFT methods over- and
under-estimate the transition energies, respectively.
Supporting Information (see footnote on the first page of this arti-
cle): Table of optimized geometry parameters of [Au2(dpm)2]2+ (1)
and 1·(MeCN)2 in the ground and excited states. Table of optimized
geometry parameters of [M2(dmpm)2]2+ (M = Au, Ag and Cu) in
the MP2 calculations. Table of compositions of HOMO and
LUMO for the 3Au excited states of 1–3 and 1–3·(MeCN)2 in the
TD-DFT calculations.
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