
Coordination Chemistry Reviews 249 (2005) 1476–1490

Review

A comparative study on metal–metal interaction in binuclear two- and
three-coordinated d10-metal complexes

Spectroscopic investigation of M(I)–M(I) interaction in the1[d�*p�]
excited state of [M2(dcpm)2]2+

(dcpm = bis(dicyclohexylphosphino)methane) (M = Au, Ag, Cu) and
[M2(dmpm)3]2+ (dmpm = bis(dimethylphosphino)methane) (M = Au, Ag,

Cu) complexes

David Lee Phillips∗, Chi-Ming Che∗∗, King Hung Leung, Zhong Mao, Man-Chung Tse
Department of Chemistry and the HKU-CAS Joint Laboratory on New Materials, The University of Hong Kong, Pokfulam Road, Hong Kong

Received 28 July 2004; accepted 21 September 2004

Available online 14 November 2004

This work is dedicated to the memory of Professor Vincent M. Miskowski.

Contents

1. Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1477
2. Experimental methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1477
3. Computational methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1478
4. Results and discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1479
4.1. Ultraviolet absorption and resonance Raman spectra of dibridged [M(dcpm) ]2+ (M=Au, 1; Ag, 2; Cu,3) and

on band
of

o
ctra
2 2

tribridged [M2(dmpm)3]2+ (M=Au, 4; Cu,5; Ag, 6) compounds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1479
4.2. Resonance Raman intensity analysis of absorption and resonance Raman spectra of dibridged [M2(dcpm)2]2+

(M=Au, 1; Ag, 2; Cu,3) and tribridged [M2(dmpm)3]2+(M=Au, 4; Cu,5; Ag, 6) compounds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1480
4.3. Comparison of the force constants and metal–metal separations for the ground electronic state and the excited
1[d#σ*p#σ] electronic state for dibridged [M2(dcpm)2]2+ (M=Au, 1; Ag, 2; Cu,3) and tribridged [M2(dmpm)3]2+

(M=Au, 4; Cu,5) compounds with those for other Au, Ag, and Cu dimer compounds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1484
5. Concluding remarks and future prospects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1489

Acknowledgments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1490
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1490

Abstract

An overview of an UV–vis spectroscopic and resonance Raman investigation of the lowest energy dipole-allowed absorpti
of [M2(dcpm)2]2+ (M = Au, Ag, Cu) and [M2(dmpm)3]2+ (M = Au, Ag, Cu) complexes is presented. The UV–vis absorption spectra
[M2(dcpm)2]2+ and [M2(dmpm)3]2+ feature intense low energynd�* → (n+ 1)p� transition with transition energy increase from two- t
three-coordinated complexes and for [M2(dcpm)2]2+ falls in the order: Ag > Au > Cu. A resonance Raman intensity analysis of the spe
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allows estimation of the structural changes of the1[d�*p�] excited states relative to the ground state. The structural changes in these compounds
are compared with each other and with other related compounds. The metal–metal bonds are found to be very similar for the ground and
excited states of the [Au2(dcpm)2]2+ and [Au2(dmpm)3]2+ complexes but significantly different for the [Cu2(dcpm)2]2+ and [Cu2(dmpm)3]2+

complexes that have weaker metal–metal bonding.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Spectroscopic studies of d10–d10 interactions in binuclear
metal compounds [M2(diphosphine)2]2+ (M = Cu, Ag, Au)
have shown the presence of a low energynd�* → (n+ 1)p�
transition that is not present in the mononuclear counterpart
compounds[1–11]. Gray and co-workers[5,6] first observed
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much stronger metal–metal bonding interaction with a formal
metal–metal single bond than the ground states. We estimate
the structural changes of the initial1[d�*p�] excited state of
these compounds and compare their properties to each other.

2. Experimental methods

of

e-
ample
his type of metal–metal transition in d8–d8 complexes of
h(I) and Pt(II). Their studies concluded the occurrence of
eak metal–metal interaction in the ground state and a single
etal–metal bond formation in the excited states.
In the course of investigation on luminescent gold(I)

omplexes with bridging phosphine ligands for photo-
nduced electron transfer reactions[3,12], the prototypical

The preparation and crystal structures
[Au2(dcpm)2](ClO4)2 (1) [13], [Ag2(dcpm)2](SO3CF3)2 (2)
[9], [Cu2(dcpm)2](ClO4)2 (3) [10], [Au2(dmpm)3](ClO4)2
(4) [11], [Cu2(dmpm)3](ClO4)2 (5) [15] and
[Ag2(dmpm)3](SO3CF3)2 (6) [15] are described els
where. The resonance Raman experiments used s
Au2(dppm)2]2+ (dppm = bis(diphenylphosphino)methane)
ompound was found to display a strong 5d�* → 6p� elec-
ronic transition at 297 nm and a long-lived photolumines-
ence in solution at 570 nm[3,4,13]. Ab initio calculations
one by Zhang and Che[7] showed that the3[d�*p�] ex-
ited state of [Au2(H2PCH2PH2)2]2+ has a Au–Au single
ond and easily forms a metal–metal bonded solvent/anion
xciplex that emits at 331 nm in solution at room temper-
ture. The excited states formed from photoexcitation of
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solutions with concentrations in the 5–10 mM range for the
[M2(dcpm)2]2+ samples in spectroscopic grade acetonitrile
solvent (for M = Au and Ag) or dichloromethane solvent
(for M = Cu) and [M2(dmpm)3]2+ samples in water solvent
(for M = Au and Cu). We note that CH2Cl2 was chosen as
the solvent for M = Cu because the X-ray crystal structures
of material crystallized from CH3CN solution display the
cationic species [Cu2(dcpm)2(CNCH3)2]2+ with an CH3CN
molecule bound to each Cu(I) in a T-shaped geometry
[ in
C
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b ibrate
he 5d�* → 6p� transition of Au(I) binuclear compoun
ave interesting excited state properties[13,14]; however

he structural change of the1,3[d�*p�] excited state relativ
o the ground state is difficult to determine. We have rece
emonstrated the utility of resonance Raman intensity
sis to estimate the structural changes of the1,3[d�*p�] ex-
ited states relative to the ground states in [Au2(dcpm)2]2+

dcpm = bis(dicyclohexylphosphino)methane)[8]. Subse
uently, we have also communicated the spectral
ignments of thend�* → (n+ 1)p� transitions in bin
clear [Ag2(dcpm)2]2+ [9], [Cu2(dcpm)2]2+ [10], and

Au2(dmpm)3]2+ [11] complexes. In this paper, we pres
comparative study on the M(I)–M(I) interaction ba

n UV–vis spectroscopic data and resonance Rama
ensity analysis investigation of the lowest energy dip
llowed absorption band of [M2(dcpm)2]2+ (M = Au(I),
g(I), Cu(I)) and [M2(dmpm)3]2+ (M = Au(I), Cu(I)) com-
ounds. The dcpm and dmpm ligands in these compo
ave intraligand transitions that occur at higher ene

han thend�* → (n+ 1)p� transitions. Our results indica
hat the M(I)–M(I) interaction decreases from two- to thr
oordinated binuclear complexes and the [d�*p�] excited
tates of both [M2(dcpm)2]2+ and [M2(dmpm)3]2+ have
10]. Since the solution electronic absorption spectrum
H3CN is strongly perturbed from that in CH2Cl2 [10],
dducts are also presumably present in CH3CN solution
here is however, no evidence for strong CH3CN ground
tate complexation for M = Au(I) or Ag(I) and CH3CN
as chosen as the solvent for these complexes be
f relatively poor photochemical stability in CH2Cl2
olvent. Only a brief description is presented here for
esonance Raman apparatus and methods since the
een previously described[8–10,16–20]. The harmonic
nd hydrogen Raman shifted laser lines from a Nd:Y

aser provided the excitation frequencies for the reson
aman experiments. A loosely focused laser beam (∼1 mm
iameter) excited the samples and∼130◦ backscatterin
eometry was used to collect the Raman scattering u
eflective optics. The Raman light was then imaged thro

depolarizer, the entrance slit of a 0.5 m spectrogr
hich dispersed the light onto a liquid nitrogen-cooled C
etector. Scans of about 1–2 min were collected from
CD and approximately 30–60 of these scans were sum

o find the resonance Raman spectrum.
Known acetonitrile, dichloromethane, and water sol

ands as well as Hg lamp emission lines were used to cal
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the Raman shifts of the resonance Raman spectra. The res-
onance Raman spectra were intensity corrected for sample
reabsorption and the wavelength dependence of the detec-
tion system response[21]. Suitably scaled solvent and quartz
cell background spectra were subtracted in order to remove
the solvent bands, the Rayleigh line and the quartz cell back-
ground signal from the raw resonance Raman spectra. Seg-
ments of the resonance Raman spectra were fit to a baseline
plus a sum of Lorentzian bands to get the integrated areas of
the Raman bands.

The absolute resonance Raman cross-sections of the
[M2(dcpm)2]2+ and [M2(dmpm)3]2+ complexes were mea-
sured relative to the absolute Raman cross-sections of
acetonitrile, water and dichloromethane solvent bands
[17,22,23]. The concentrations of the sample solutions were
determined spectrophotometrically using a UV–vis spec-
trometer (changes of less than 5% were observed for the
absorption spectra during the absolute Raman cross-section
measurements). The absolute resonance Raman cross-
sections were computed from the mean of a series of mea-
surements. The absolute resonance Raman cross-sections dis-
played little power dependence over a range of 0.1–1.5 mW
(differences of <5% were observed). The maximum molar ex-
tinction coefficient was determined to be 28,900 M−1 cm−1

for the ∼278 nm absorption band of Au2(dcpm)2(ClO4)2
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The resonance Raman cross-sections were computed using
the following equation:

σR(EL, ωs) =
∫ ∞

−∞
dδG(δ)

∑
i

∑
f
PiσR(EL)δ(EL + εi

−ES − εf ) with σR,i→f (EL)

= 8πe4E3
SELM

4

9h̄6c4

∣∣∣∣
∫ ∞

0
〈f |i(t)〉

× exp

[
i(EL + εi)t

h̄

]
exp[−g(t)] dt

∣∣∣∣
2

(2)

wheren is the solvent index of refraction,M is the transition
length evaluated at the equilibrium geometry,EL is the inci-
dent photon energy,ES is the scattered photon energy,f is the
final state for the resonance Raman process,εf is the energy
of the ground state energy level|f〉, andδ(EL + εi −ES− εf)
is a delta function to sum up cross-sections with the same fre-
quency.Pi is the initial Boltzmann population of the ground
state energy level|i〉 which has energyεi . |i(t)〉 = e−iHt/h̄|i〉 is
|i(t)〉 propagated on the excited state surface for a timet and
H is the excited state vibrational Hamiltonian. The absorp-
tion and resonance Raman cross-sections were calculated
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using a summation over a ground state 298 K Boltzma
distribution of vibrational energy levels. The Condon a
proximation was used. The ground and excited state po
tial energy surfaces were simulated by harmonic oscillat
displaced by∆ in dimensionless normal coordinates. Th
time-dependent overlaps in Eqs.(1) and (2)were computed
numerically from analytic formulations of Yan and Mukam
[35].

We did computations with the damping functio
exp[−g(t)] term in Eqs.(1) and (2)modeled as a simple ex
ponential decay function (where the exp[−g(t)] term in Eqs.
(1) and (2)was replaced by exp[−t/τ] with τ the dephasing
time) or as a Brownian oscillator. Theg(t) function has the
following form in Eqs.(1) and (2)for the Brownian oscillator
dephasing function:

g(t) =
(
D

Λ

)2

(Λt − 1 + exp(−Λt)) + i

(
D2Λ

2kT

)

× (1 − exp(−Λt)) + t

τ
(3)

where the solvent random perturbations cause the solute
ergy levels to fluctuate withD magnitude andΛ frequency
[35,36]. We assumed that that the temperature (T) is large
enough that the solvent mode frequencies are
kT [18,44]
and that all the solvent modes were grouped together into
effective mode. Thet/τ term in Eq.(3) is the pure lifetime
decay.
in acetonitrile solution, 17,000 M−1 cm−1 for the∼261 nm
absorption band of Ag2(dcpm)2(SO3CF3)2 in acetonitrile
solution, 14,090 M−1 cm−1 for the ∼311 nm absorption
band of Cu2(dcpm)2(ClO4)2 in dichloromethane solution,
18,500 M−1 cm−1 for the ∼256 nm absorption band of
Au2(dmpm)3(ClO4)2 in water solution, 10,800 M−1 cm−1

for the ∼276 nm absorption band of Cu2(dmpm)3(ClO4)2
in water solution, and 6400 M−1 cm−1 for the∼260 nm ab-
sorption band of Ag2(dmpm)3(SO3CF3)2 in water solution.

3. Computational methods

The calculations presented here are meant to obtain a r
sonable estimate of the structural changes associated w
the d�* → p� transitions of the complexes examined. Th
results given here will also provide a useful reference
which more sophisticated simulations can be compared
assess the relative importance of effects like changes in
transition dipole moment with vibrational coordinate and an
harmonicity on the resonance Raman and absorption sp
tra. The resonance Raman intensities and absorption spe
were calculated using a time-dependent formalism[24–34].
The absorption cross-sections were calculated using:

σA(EL) = 4πe2ELM
2

3nh̄2c

∫ ∞

−∞
dδG(δ)

∑
i
Pi Re

[∫ ∞

0
〈i|i(t)〉

× exp

[
i(EL + εi)t

h̄

]
exp[−g(t)] dt

]
(1)
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4. Results and discussion

4.1. Ultraviolet absorption and resonance Raman
spectra of dibridged [M2(dcpm)2]2+ (M=Au, 1; Ag,2;
Cu,3) and tribridged [M2(dmpm)3]2+ (M=Au, 4; Cu,5;
Ag,6) compounds

Fig. 1 shows a sketch of the geometries of the dibridged
[M2(dcpm)2]2+ (M = Au, 1; Ag, 2; Cu, 3) and tribridged
[M2(dmpm)3]2+ (M = Au, 4; Cu, 5; Ag, 6) compounds ex-
amined in this work. The metal atoms in the dcpm com-
plexes are two-coordinated and in the dmpm complexes
are three-coordinated. All complexes have intramolecu-
lar metal–metal distances that allow weak d10–d10 metal
interaction. The metal–metal distances follow the order:
3 (2.731(2), 2.639(2)̊A) [10] < 1 (2.9263(9)Å) [13,14]< 2
(2.936(1), 2.960(1)̊A); [9] 5 (3.021(2)Å) [15] ∼ 4 (3.028Å)
[11,37]< 6 (3.036(2)Å) [15]. The Au–Au distance in4 is
slightly longer, i.e.∼0.1Å, than that in1 suggesting that
an increase in phosphine coordination around Au(I) has little
effect on the metal–metal distance. Similarly, the Ag–Ag dis-
tances in3 and6 differ only by∼0.1Å. In contrast, the Cu2
distance significantly lengthens from3 to 5. Fig. 2 displays
the absorption spectra of1–3 in dichloromethane solutions,
and4–6 in water solution. The electronic absorption data are
listed inTable 1. All these complexes display a lower energy
i spec-
t
p
t peri-
m

Ra-
m n
o
a n in
F um of

Fig. 1. Geometry of [M2(dcpm)2]2+ (where M = Au,1; Ag, 2; Cu, 3) and
[M2(dmpm)3]2+ (where M = Au,4; Cu,5).

6 was not recorded due to its instability in solution—one of
the dmpm ligands easily dissociates from [Ag2(dmpm)3]2+ to
give [Ag2(dmpm)2]2+. The resonance Raman spectra shown
in Figs. 4–6display most of their Raman intensity in the
nominal metal–metal stretch fundamentals and overtones
(nνAu–Au, nνAg–Ag, and nνCu–Cu). This is consistent with

F line), [Ag2(dcpm)2]2+ (2) (dashed line) and [Cu2(dcpm)2]2+ (3) (solid line) in
d mpm)3]2+ (5) (solid line) and [Ag2(dmpm)3]2+ (6) (dashed line) in water solutions
a

ntense absorption band that are absent in the absorption
ra of the mononuclear M(PR3)3+ and M(PR3)2+ counter-
arts. These intense absorptions are assigned to1[d�* → p�]

ransitions, which is supported by resonance Raman ex
ents described in latter sections.
The excitation wavelengths (in nm) for the resonance

an experiments are given inFig. 3. Figs. 4–6present a
verview of the resonance Raman spectra of1 and4, 2, and3
nd5, respectively, for the excitation wavelengths show
ig. 3for each compound. The resonance Raman spectr

ig. 2. UV–vis absorption spectra of: (left) [Au2(dcpm)2]2+ (1) (dotted
ichloromethane solutions; (right) [Au2(dmpm)3]2+ (4) (dotted line), [Cu2(d
t room temperature.
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Table 1
The UV–vis absorption data

Complex Medium
(298 K)

λabs [nm] (ε
[dm3 mol−1 cm−1])

[Au2(dcpm)2](ClO4)2 (1) CH3CN 278 (28900), 317 (sha, 390)
CH2Cl2 280 (24900), 322 (sha, 350)

[Ag2(dcpm)2](SO3CF3)2 (2) CH3CN 261 (17000)
CH2Cl2 266 (19700)

[Cu2(dcpm)2](ClO4)2 (3) CH3CN 269 (4830), 319 (4820)
CH2Cl2 278 (5840), 311 (14090)

[Au2(dmpm)3](ClO4)2 (4) H2O 256 (18500), 311 (1490), 340
(sha, 1070)

[Cu2(dmpm)3](ClO4)2 (5) H2O 276 (10800), 320 (sha, 1260)
[Ag2(dmpm)3](SO3CF3)2 (6) H2O 260 (6400), 280 (sha, 4300)

a Shoulder.

the proposed assignments of the excited absorption bands
(∼277 nm for1, ∼260 nm for2 and∼310 nm for3) to be
due to d�* → p� transitions[8–11]. Table 2gives the Ra-
man shifts, relative resonance Raman intensities and absolute
resonance Raman cross-sections for1–5 obtained from the
experimental resonance Raman spectra ofFigs. 4–6.

4.2. Resonance Raman intensity analysis of absorption
and resonance Raman spectra of dibridged
[M2(dcpm)2]2+ (M=Au, 1; Ag,2; Cu,3) and tribridged
[M2(dmpm)3]2+ (M=Au, 4; Cu,5; Ag,6) compounds

We have modeled the absorption spectra and resonance
Raman intensities of1–5 using time-dependent wavepacket
computations in order to estimate the structural change of the
excited state relative to the ground state. In our initial works
on 1 [8] and4 [11] and the well-studied [Pt2(P2O5H2)4]4+

[19], we demonstrated that computations using a simple
exponential decay function or an overdamped Brownian os-
cillator function to simulate the solvent dephasing gave very
similar fits to the experimental data and almost the same val-
ues for the normal mode displacement parameter and ex-
cited state frequency of the metal–metal stretch mode. The
two types of calculations (simple exponential damping func-
tion or overdamped Brownian oscillator function) gave simi-
lar values for the other best-fit simulation parameters with

T
R Ag2(dcp e
s water

R yb

m

A

−8

−8

some differences that could be attributed to the different
lineshapes of the two types of computations[8,19]. Since
the overdamped Brownian oscillator function for the solvent
dephasing gives a somewhat more realistic description that
can account for solvent reorganization and the Stokes shift
between absorption and emission[24,36], we only present
the best-fit parameters for the Brownian oscillator dephasing
function calculations inTable 3. Figs. 7–9present compar-
isons of the experimental and calculated absorption spectra
and relative resonance Raman intensities for1 and4, 2, and
3 and5, respectively. Inspection ofFigs. 7–9reveals there
is reasonable agreement between the calculated and exper-
imental absorption spectra and the relative Raman intensi-
ties.Table 2also displays a comparison of the calculated and
experimentally determined absolute resonance Raman cross-
sections for the first overtone or the fundamental Raman band
for 1–5. Examination ofTable 2indicates that there is good
agreement between the experimental and calculated absolute
resonance Raman cross-sections.

The normal mode parameters given inTable 3can be used
to estimate the metal–metal bond length change in the initial
excited state relative to the ground state. Assuming the nom-
inal metal–metal stretch vibration is approximated by a pure
metal–metal stretch, the following formula[24] can be used
to find the change in the bond length:

q
( )

w
d e
v th
r ngth
c of
T
c
t
T ith
� e
C

i-
m five
c ency
able 2
esonance Raman bands of [Au2(dcpm)2]2+ (1) in acetonitrile solution, [
olution, [Au2(dmpm)2]2+ (4) in water solution, and [Cu2(dmpm)3]2+ (5) in

aman band Raman shift (cm−1)a Intensit

266.0 n

u2(dcpm)2(ClO4)2 (1) (values from[8])
−2νAu–Au −176 9
−νAu–Au −88 80
νAu–Au 88 199
2νAu–Au 176 100
Experimental 1.4× 10
Calculatedc 1.4× 10

Absolute Raman cross-section of 2νAu–Au in Å2/molecule
3�Au–Au 265 25
m)2]2+ (2) in acetonitrile solution, [Cu2(dcpm)2]2+ (3) in dichloromethan
solution

273.9 nm 282.4 nm 299.1 nm

19 20 20
104 164 202
254 309 288
100 100 100

2.4× 10−8 1.1× 10−8 2.6× 10−10

2.0× 10−8 1.0× 10−8 3.6× 10−10

27 22 12

= µω

h̄

1/2
�x (4)

hereq is the dimensionless normal coordinate,µ is the re-
uced mass of the metal–metal bond,ω is the ground stat
ibrational frequency and�x is the change in the bond leng
elative to the ground state bond length. The bond le
hanges, inTable 4, were found using the parameters
able 3in Eq.(4). For the dibridged compounds, the�x be-
omes larger as one goes from the Au complex1 (0.11Å) to
he Ag complex2 (0.20Å) and to the Cu complex3 (0.28Å).
here is similar behavior for the tribridged compounds w
x smaller for the Au complex4 (0.11Å) compared to th
u complex5 (0.20Å).
Inspection of Tables 3 and 4shows that the est

ated excited state frequencies are similar for all
ompounds, which show a sizeable increase in frequ
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Table 2 (Continued)

Raman band Raman shift (cm−1)a Intensityb

252.7 nm 266.0 nm 273.9 nm 282.4 nm

[Ag2(dcpm)2]2+ (2) (values from supporting information of[9])
−2νAg–Ag −163 – 3.5 3.4 2.9
−νAg–Ag −80 41 63 55 61
νAg–Ag 80 100 100 100 100
Experimental 1.02× 10−8 7.65× 10−9 3.64× 10−9 1.28× 10−9

Calculatedc 9.54× 10−9 7.37× 10−9 4.09× 10−9 1.67× 10−9

Absolute Raman cross-section ofνAg–Ag in Å2/molecule
2�Ag–Ag 163 32 25 32 20

Raman band Raman shift (cm−1)a Intensityb

282.4 nm 299.1 nm 309.1 nm 319.9 nm

[Cu2(dcpm)2]2+ (3)
−2νCu–Cu −210 2 – 2 1.5
−νCu–Cu −104 37 43 51 45
νCu–Cu 104 100 100 100 100
Experimental 9.3× 10−10 5.9× 10−9 8.1× 10−9 4.9× 10−9

Calculatedc 1.0× 10−9 6.1× 10−9 8.0× 10−9 5.4× 10−9

Absolute Raman cross-section ofνCu–Cu in Å2/molecule
2νCu–Cu 210 15 12 11 8

Raman band Raman shift (cm−1)a Intensityb

245.9 nm 252.7 nm 266.0 nm 273.9 nm

Au2(dmpm)3(ClO4)2 (4) (values from[11])
−2νAu–Au −158 7 8 10 9
−νAu–Au −79 39 49 58 60
νAu–Au 79 100 100 100 100
Experimental 1.1× 10−8 1.7× 10−8 4.7× 10−9 9.9× 10−10

Calculatedc 1.3× 10−8 2.7× 10−8 5.7× 10−9 9.9× 10−10

Absolute Raman cross-section ofνAu–Au in Å2/molecule
2�Au–Au 158 60 60 61 66
3�Au–Au 237 18 12 9 10
4�Au–Au 316 3 4 4 –

Raman band Raman shift (cm−1)a Intensityb

266.0 nm 273.9 nm 299.1 nm 319.9 nm

Cu2(dmpm)3(ClO4)2 (5)
−2νAu–Au −150 – 10 8 5.5
−νAu–Au −75 46 48 50 42
νAu–Au 75 100 100 100 100
Experimental 4.0× 10−9 4.8× 10−9 2.9× 10−10 3.0× 10−11

Calculatedc 4.5× 10−9 5.9× 10−9 1.8× 10−10 2.7× 10−11

Absolute Raman cross-section ofνAu–Au in Å2/molecule
2�Au–Au 150 55 53 58 62

a Estimated uncertainties are about 4 cm−1 for the Raman shifts.
b Relative intensities are based on integrated areas of Raman bands. Estimated uncertainties are about 5% for intensities greater than 100, 10% for intensities

between 50 and 100, and 20% for intensities below 50.
c Calculated using the parameters of this table in Eqs.(1) and (2)and the overdamped Brownian oscillator damping function for solvent dephasing.
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Fig. 3. Absorption spectra of [Au2(dcpm)2]2+ (1) and [Ag2(dcpm)2]2+ (2) in acetonitrile solution, [Cu2(dcpm)2]2+ (3) in dichloromethane solution, and
[Au2(dmpm)3]2+ (4) and [Cu2(dmpm)3]2+ (5) in water solution at room temperature with the excitation wavelengths for the resonance Raman experiments
indicated above the spectra.
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Fig. 4. Overview of the resonance Raman spectra of1 (in acetonitrile solution obtained with 266.0, 273.9, 282.4, and 299.1 nm excitation) and4 (in water
solution obtained with 245.9, 252.7, 266.0, and 273.9 nm excitation). The spectra have been intensity corrected and the Rayleigh line, glass bands and solvent
bands have been subtracted. The Raman band assignments are shown next to the bands and asterisks mark regions were solvent subtraction artifacts are present.
The spectra for1 and4 are from[8,11], respectively.

compared to their ground electronic state vibrational fre-
quencies (seeTable 4). This is consistent with the proposed
nd�* → (n+ 1)p� absorption band assignment for the tran-
sitions∼277 nm for1, ∼260 nm for2, and∼310 nm for3,
∼256 nm for4,∼276 nm for5. The Au–Au stretching excited
state frequency for1 (estimated to be 175 cm−1) is similar
to the related Pt–Pt stretching frequency of 156 cm−1 in the
3[d�*p�] excited state of [Pt2(P2O5H2)4]4+ which is con-
sidered to have a single metal–metal bond[38,39] and this
accords well with the1[d�*p�] excited states visualized to
have close to a bond order of one.

Examination of the best-fit parameters ofTable 3
shows that a noticeable amount of inhomogeneous broad-
ening is needed in order to simultaneously simulate the
absolute resonance Raman cross-sections and absorption
bandwidth. The source of this inhomogeneous broad-
ening is probably weak interaction of the cation with
solvent and/or anion yielding species with moderately
different transition energies for the1[d�*p�] state. A
small cation–anion interaction in the ground state of
[Au2(dcpm)2](ClO4)2 was found in the X-ray crystal struc-
ture with the Au atom having a T-shaped geometry and av-
erage Au· · · O(ClO4) distances of 3.36(2)̊A [13,14]. Simi-
larly, both the crystal structures of [Ag2(dcpm)2](SO3CF3)2
and [Cu2(dcpm)2](ClO4)2 reveal the existence of ground
state cation–anion interactions (d = 2.692(7)Å

in 2 [9] anddCu–O(ClO4) = 2.687(av)Å in 3 [10]), that are
apparently stronger than that in [Au2(dcpm)2](ClO4)2. Ab
initio calculations[7] indicated that the model compound
[Au2(H2PCH2PH2)2]2+ interacts with acetonitrile molecules
weakly in the ground electronic state but strongly in the
excited electronic states. These calculations showed that
structures of the uncomplexed Au2(H2PCH2PH2)22+ and
the {Au2(H2PCH2PH2)2·(MeCN)2}2+ complex have very
similar Au–Au distances in the1A1g ground electronic
state (3.167 and 3.155̊A, respectively)[7]. The 3Au state
(3[d�*p�]) of {Au2(H2PCH2PH2)2·(MeCN)2}2+ was com-
puted to have a much shorter equilibrium Au–Au distance
(∼2.719Å) [7]. The resonance Raman intensity analysis
given here for thend�* → (n+ 1)p� transitions of1 and
2 in acetonitrile and3 in dichloromethane refers to unre-
laxed excited states for which strong exciplexes with sol-
vent could be produced by the time-scale, but weak sol-
vent/anion interactions with the ground state may contribute
to the inhomogeneous broadening, particularly because of
serendipitous ground state solvent/anion configurations that
correspond to exciplex geometry (in an angular sense rather
than in bond lengths) could result in substantially shifted elec-
tronic energies. Further work is needed to confirm this and a
time-resolved resonance Raman (TR3) study of the1[d�*p�]
and/or3[d�*p�] states could directly probe the uncomplexed
a veal
Ag–O(SO3CF3)
 nd complexed forms of the compounds and possibly re
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Fig. 5. Overview of the resonance Raman spectra of2 in acetonitrile solution
obtained with 252.7, 266.0, 273.9, and 282.4 nm excitation wavelengths. The
spectra have been intensity corrected and the Rayleigh line, glass bands and
solvent bands have been subtracted. Asterisks mark regions were solvent
subtraction artifacts are present and the Raman band assignments are shown
next to the bands. The 273.9 nm spectrum is from[9].

the extent of the solvent interaction in these electronic excited
states.

4.3. Comparison of the force constants and metal–metal
separations for the ground electronic state and the
excited1[dσ*pσ] electronic state for dibridged
[M2(dcpm)2]2+ (M=Au, 1; Ag,2; Cu,3) and tribridged
[M2(dmpm)3]2+ (M=Au, 4; Cu,5) compounds with
those for other Au, Ag, and Cu dimer compounds

It is interesting to compare the force constants and
metal–metal separations for the ground electronic state and
the excited1[d�*p�] electronic state for1–5 with those
for other Au, Ag, and Cu dimer compounds[40–43].
Tables 5 and 6compare the Au–Au and Ag–Ag stretch fre-
quencies, force constants and bond lengths for1,2, and4with
other compounds[40–42]. Harvey and co-workers[40,41,44]
found a good linear correlation for the Au–Au bond distance
versus lnF(Au–Au) for 11 compounds and the Ag–Ag bond
distance versus lnF(Ag–Ag) for 9 compounds. These work-
ers determined empirical relationships given by the following
formulas:

r(Au–Au) = −0.290 lnF (Au–Au) + 2.68 (5)

Table 3
Parameters for simulations of resonance Raman intensities and absorption
spectra of [Au2(dcpm)2]2+ (1) in acetonitrile solution, [Ag2(dcpm)2]2+ (2)
in acetonitrile solution and [Cu2(dcpm)2]2+ (3) in dichloromethane solution

Ground state vibrational frequency (cm−1) Excited state
vibrational
frequency (cm−1)

∆

Au2(dcpm)2(ClO4)2 (1) (values from[8])
88 175 0.68
E0 = 34,000 cm−1,M= 0.995Å, n= 1.344
Homogeneous broadening,

Γ = 2150 cm−1 FWHM
Inhomogeneous broadening,

G= 200 cm−1 standard deviation
Brownian oscillatorΛ= 55.3 cm−1,

D= 2048 cm−1

[Ag2(dcpm)2]2+ (2) (values from
supporting information of[9])
80 180 0.90
E0 = 31,000 cm−1, M= 0.91Å, n= 1.344
Homogeneous broadening,

Γ = 4050 cm−1 FWHM
Inhomogeneous broadening,

G= 100 cm−1 standard deviation
Brownian oscillatorΛ= 17.2 cm−1,

D= 7156 cm−1

[Cu2(dcpm)2]2+ (3)
104 150 1.10
E0 = 28,950 cm−1,M= 0.895Å, n= 1.426
Homogeneous broadening,

Γ = 2700 cm−1 FWHM
Inhomogeneous broadening,

G= 300 cm−1 standard deviation
Brownian oscillatorΛ= 81.1 cm−1,

D= 3243 cm−1

[Au2(dmpm)3]2+ (4) (values from[11])
79 165 0.65
E0 = 35,600 cm−1, M= 0.895Å, n= 1.36
Homogeneous broadening,

Γ = 2750 cm−1 FWHM
Inhomogeneous broadening,

G= 250 cm−1 standard deviation
Brownian oscillatorΛ= 11.69 cm−1,

D= 3,299 cm−1

[Cu2(dmpm)3]2+ (5)
75 168 0.665
E0 = 31,210 cm−1, M= 0.772Å, n= 1.36
Homogeneous broadening,

Γ = 3330 cm−1 FWHM
Inhomogeneous broadening,

G= 500 cm−1 standard deviation
Brownian oscillatorΛ= 14.16 cm−1,

D= 4838 cm−1

Note: M= transition length,n= index of refraction, and∆= normal mode
displacement of the excited state relative to the ground electronic state.

r(Ag–Ag) = −0.284 lnF (Ag–Ag) + 2.53 (6)

wherer(Au–Au) andr(Ag–Ag) are Au–Au and Ag–Ag bond
distances (in̊A), respectively;F(Au–Au) is the force constant
of the Au–Au bond andF(Ag–Ag) is the force constant of
the Ag–Ag bond (in mdyne/̊A). There has been no reported
correlation for Cu2 bonds, thus we used an alternative bond
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Fig. 6. Overview of the resonance Raman spectra of3 (in dichloromethane solution obtained with 282.4, 299.1, 309.1, and 319.9 nm excitation) and5 (in water
solution with 266.0, 273.9, 299.1, and 319.9 nm excitation). The spectra have been intensity corrected and the Rayleigh line, glass bands and solventbands
have been subtracted. Asterisks mark regions were solvent subtraction artifacts are present and the Raman band assignments are shown next to the bands. The
299.1 nm spectrum of3 is from [10].

length/force constant correlation given by Woodruff and co-
workers[42]. Woodruff’s equations are fits to combined data
for given rows of the periodic table; thus, his equations for
Cu2, Ag2, and Au2 bonds are actually a general correlation for
a particular row of the periodic table, respectively. Woodruff’s
broad correlations perform somewhat more poorly for the
Ag2 and Au2 cases than Harvey’s element-specific ones and
we do not present these correlations here. Woodruff’s third
row correlation, Eq.(7), is however, the only one available
for Cu2 bonds at this time (Table 7):

r(3-3) = 1.81+ 1.22 exp

( −F

2.37

)
(7)

Figs. 10–12show plots of the M–M bond distance ver-
sus lnF(M–M) for the correlation functions in Eqs.(5)–(7)
(where M = Au or Ag or Cu) and the data presented in
Tables 5 and 6for the ground and excited states of1–5
and the other compounds. Inspection ofFig. 10shows that
the 11 compounds and the ground state of1 and 4 have
Au–Au bond distances and lnF(Au–Au) values close to the
“Au–Au” correlation curve (Eq.(5)) [44]. Similarly, inspec-
tion of Fig. 11reveals the nine compounds and the ground
state of2 have Ag–Ag bond distances and ln F(Ag–Ag) val-
ues close to the “Ag–Ag” correlation curve (Eq.(6)) [40].
However, the1[d�*p�] excited state of1, 2, and 4 val-
ues are significantly farther from the correlation curves and

Table 4
Ground and excited state vibrational frequencies, normal mode displacements and change in metal–metal bond length in excited state relative to ground state
for 1–5

Compound Ground state
vibrational
frequency ( cm−1)

Ground state
M–M
distance (̊A)

Excited state
vibrational
frequency ( cm−1)a

|∆|a �M–M bond in
excited state
(Å)b

[Au2(dcpm)2]2+ (1) 88 2.9153c 175 0.68 0.11
[Ag2(dcpm)2]2+ (2) 80 2.960d 180 0.90 0.20
[Cu2(dcpm)2]2+ (3) 104 2.730c 150 1.10 0.28
[Au2(dmpm)3]2+ (4) 79 3.028c 165 0.65 0.11
[Cu2(dmpm)3]2+ (5) 75 3.021c 168 0.665 0.20

a Values from best-fit parameters ofTable 2.

b Values determined using the parameters ofTable 2in Eq.(4).
c For ClO4 salt.
d For CF3SO3 salt.
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Fig. 7. (Top) Comparison of the calculated (dashed line) and experimental (solid line) absorption spectra for1 in acetonitrile solution (left: from[8]) and for
4 in water solution (right: from[11]). (Bottom) Comparison of the calculated (dashed bar) and experimental (solid bar) resonance Raman intensities for these
resonance Raman spectra of1 and4 are shown inFig. 3. The parameters given inTable 2for 1 and4 were used in Eqs.(1) and (2)to calculate the absorption
and resonance Raman intensities (the model described in Section3 and an overdamped Brownian oscillator solvent dephasing function were used for these
calculations).

Table 5
Structural and spectroscopic data for selected Au2 compounds

Compounda ν(Au–Au) (cm−1) F(Au–Au) (mdyne/̊A) ln F(Au–Au) r(Au–Au) (Å)

Au2(dmb)(CN)2 36 0.075 −2.59 3.536
Au2(tmb)Cl2 50 0.14 −1.97 3.301
Au2(ylide)2 64 0.24 −1.43 2.977
[Au2(dmpm)3](PF6)2 68 0.27 −1.31 3.045
[Au2(dmpm)2](PF6)2 69 0.28 −1.27 3.044
[Au2(dmpm)2]Cl2 71 0.29 −1.24 3.010
Au2(ylide)2Cl2 162 1.98 0.68 2.597
Au2

+(2%u
+) 149 1.29 0.25 2.582

Au2(3%u
+) 142 1.18 0.165 2.568

Au2(1%g
+) 180 1.88 0.63 2.520

Au2(1%u
+) 191 2.11 0.75 2.472

[Au2(dcpm)2]2+ (1) 88 0.449 −0.80 2.92b

[Au2(dcpm)2]2+ (1), excited state1[d�*p�] 175c 1.777 0.57 2.81c

145d 1.220 0.20 2.81c

[Au2(dmpm)3]2+ (4) 79 0.362 −1.016 3.028b

[Au2(dmpm)3]2+ (4), excited state1[d�*p�] 165c 1.580 0.46 2.921c

a The values for the first 11 compounds of this table come from Table VIII of[40] which also lists the original references from which these values can be
found.

b Value from[13,14] for ClO4 salt.
c Values from resonance Raman intensity analysis of this work.
d Possible value if resonance Raman intensity analysis overestimates excited state frequency (see text).
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Fig. 8. (Top) Comparison of the calculated (dashed line) and experimen
(solid line) absorption spectra for2 in acetonitrile solution. (Bottom) Com-
parison of the calculated (dashed bar) and experimental (solid bar) resona
Raman intensities for the 252.7, 266.0, 273.9, and 282.4 nm resonance R
man spectra. The parameters given inTable 2for 2 were used in Eqs.(1) and
(2) to calculate the absorption and resonance Raman intensities (the mo
described in Section3 and an overdamped Brownian oscillator solvent de-
phasing function were used for these calculations).

this could be due to several possibilities. First, we ma
be overestimating the excited state frequency. Our previo
study for the 5d�* → 6p� transition of [Pt2(P2O5H2)4]4−
showed that the1[d�*p�] excited state frequency deter-
mined from the resonance Raman intensity analysis wa
about 177 cm−1 [19] compared to∼146 cm−1 from the low
temperature absorption spectra[6,43]. However, both the res-
onance Raman intensity analysis and a Franck–Condon an
ysis of the low temperature absorption spectra gave almo
the same excited state Pt–Pt bond length change (∼0.225
and 0.21Å) [6,19,43]. Thus, the excited state frequencies
derived from the resonance Raman intensity analysis ma
be somewhat too high due to neglecting the change of th
transition length as a function of bond length and/or anha
monicity. If our analysis for compounds1 and2, for exam-

ple, have a similar over estimation of the excited state fre-
quency (say 30 cm−1 from 175 to 145 cm−1 in the case of
1 or from 180 to 150 cm−1 for 2) then the lnF(Au–Au)
and lnF(Ag–Ag) values shift noticeably toward the corre-
lation curve (see open circle points inFigs. 10 and 11).
However, the agreement is still not very good. This sug-
gests that some overestimation of the excited state vibrational
frequencies by the resonance Raman intensity analysis can-
not fully account for the differences between the excited
states of1 and 2 and the correlation curves shown in
Figs. 10 and 11.

We note that the different electronic states of the Au2 dimer
can show noticeable variation in the vibrational frequency
(from 142 cm−1 for Au2(3%u

+) to 191 cm−1 for Au2(1%u
+))

and the Au2(ylide)2Cl2 compound is also somewhat far from
the Au correlation curve. There is also noticeable variation
in the Ag2(dmb)X2 values (where X = Cl, Br or I). Thus, a
second possibility to be considered is that the excited states
of 1, 2, and4 do not follow the “Au–Au” and “Ag–Ag” cor-
relation curves very well (and likely3 and5 for the Woodruff
third row correlation) due to solvent interactions in the ini-
tially excited state. This has been described in a previous
section and in recent ab initio work on a model compound
similar to 1 and experimental photoluminescence work on
1 [7]. These solvent–solute interactions of the [d�*p�] ex-
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cited states would likely perturb the metal–metal bond len
and force constant so that the metal–metal bond length
sus lnF(M–M) correlation for these excited states cou
be significantly different than one would obtain for sim
lar metal–metal interactions which do not strongly intera
with the solvent. As revealed by UV–vis absorption spe
troscopy, the ground states of1, 2, and4 show little if any
interaction with the solvent used for resonance Raman
periments with very small perturbation of the ground sta
metal–metal bond lengths. Thus, the ground states of1, 2,
and 4 follow the “Au–Au” and “Ag–Ag” correlation well
(seeFigs. 10 and 11). However, the initially formed1[d�*p�]
excited states of1, 2, and4 exhibit strong differences with
the “Au–Au” and “Ag–Ag” correlation curves. In addition
the trends found for the metal–metal bond lengths and fo
constants as the metal dimer is varied from Au to Ag to C
does not follow the expected pattern. This could be due
the peculiarities in the solvent–solute interaction for ea
of the compounds (1–5). Compound3 exhibits significantly
ground state solvent–solute interaction than1 and2. The in-
teraction of coordinating solvent such as CH3CN with the
[Cu2(dcpm)2]2+ core has also been confirmed by UV–vis a
sorption spectroscopy—the1[d�*p�] absorption band of3
recorded in CH2Cl2 becomes less distinct in CH3CN, on the
other hand, the absorption spectra of1 and2 are similar in
both CH2Cl2 and CH3CN solutions. Thus, it would not be too
surprising that the excited state solvent–solute interacti
strongly depend on the metal as well to noticeably pertu
the expected pattern of the bond lengths and force const
as the metal is varied from Au to Cu. We also note the
cent observation of bond stretch isomerism coupled to liga
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Fig. 9. (Top) Comparison of the calculated (dashed line) and experimental (solid line) absorption spectra for3 in dichloromethane solution (left) and for5 in
water solution (right). (Bottom) Comparison of the calculated (dashed bar) and experimental (solid bar) resonance Raman intensities for the resonance Raman
spectra of3 and5 shown inFig. 5. The parameters given inTable 2for 3 and5 were used in Eqs.(1) and (2)to calculate the absorption and resonance Raman
intensities (the model described in Section3 and an overdamped Brownian oscillator solvent dephasing function were used for these calculations).

Fig. 10. Plot ofr(Au–Au) vs. lnF(Au–Au) for the 11 compounds (closed
triangles), the ground (closed square) and excited state (closed circle) of1
and the ground (closed diamond) and excited state (open diamond) of4given
in Table 4(a similar comparison for dinuclear Au complexes was made in
the supporting information of[11]). The line shows the “Au–Au” correlation
curve (Eq.(5)). The open circle shows the effect of lowering the excited state
vibrational frequency of1 by 30 cm−1 (see text).

Fig. 11. Plot ofr(Ag–Ag) vs. lnF(Ag–Ag) for the 11 compounds (closed
triangles) and the ground (closed square) and excited state (closed circle) of
2 given inTable 5. The line shows the “Ag–Ag” correlation curve (Eq.(6)).
The open circle shows the effect of lowering the excited state vibrational
frequency of2 by 30 cm−1 (see text).
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Table 6
Structural and spectroscopic data for selected Ag2 compounds

Compounda ν(Ag–Ag) (cm−1) F(Ag–Ag) (mdyne/̊A) ln F(Ag–Ag) r(Ag–Ag) (Å)

Ag2(dmb)2I2 33 0.034 −3.38 3.378
Ag2(dmb)2Cl2 42 0.056 −2.88 3.451
Ag2(dmb)2Br2 42 0.056 −2.88 3.345
[Ag2(dmpm)3](PF6)2 76 0.18 −1.71 3.10b

[Ag2(dmpm)2](PF6)2 76 0.18 −1.71 3.041
Ag2(O2CCF3)2 80 0.20 −1.61 2.967
Ag2(C6H5NNNC6H5)2 114 0.41 −0.89 2.669
Ag2

−(2%u
+) 118 0.44 −0.82 2.814

Ag2(1%g
+) 192.8 1.18 0.1655 2.471

[Ag2(dcpm)2]2+ (2) 80 0.203 −1.59 2.96c

[Ag2(dcpm)2]2+ (2), excited state1[d�*p�] 180d 1.029 0.028 2.76d

150e 0.715 −0.335 2.76d

a The values for the first nine compounds of this table come from Table VIII of[41] which also lists the original references from which these values can be
found.

b Value from[12].
c Value from[9] for CF3SO3 salt.
d Values from resonance Raman intensity analysis of this work and supporting information of[9].
e Possible value if resonance Raman intensity analysis overestimates excited state frequency (see text).

Fig. 12. Plot ofr(3-3) vs. exp(−F(3-3)/2.37) for the ground (closed square)
and excited state (closed circle) of3and ground (closed diamond) and excited
state (open diamond) of5 given inTable 6. The line shows the “Woodruff”
correlation curve (Eq.(7)). The open circle shows the effect of lowering the
excited state vibrational frequency of3 by 30 cm−1 (see text).

deformation (or distortional isomerism) reported for a mixed
valence Cu dimer complex[45]. The X-ray crystal struc-
ture of [Cu2(dcpm)2]X2 (X = anion) also reveals close
Cu(I)–anion interaction.

Table 7
Structural and spectroscopic data for selected Cu2 compounds

Compounda ν(Cu–Cu)
(cm−1)

F(Cu–Cu)
(mdyne/̊A)

r(Cu–Cu) (̊A)

[Cu2(dcpm)2]2+ (3) 104 0.2025 2.730a

[Cu2(dcpm)2]2+ (3),
excited state
1[d�*p�]

150 0.4212 2.448b

120c 0.2696 2.448b

[Cu2(dmpm)3]2+ (5) 75 0.1053 3.021a

[Cu2(dmpm)3]2+ (5),
excited state
1[d�*p�]

168 0.5283 2.823b

a Value from[10,12] for ClO4 salt.
b Values from resonance Raman intensity analysis of this work.
c Possible value if resonance Raman intensity analysis overestimates ex-

cited state frequency (see text).

5. Concluding remarks and future prospects

The UV–vis and resonance Raman spectroscopic investi-
gation of the lowest energy dipole-allowed absorption band
of [M2(dcpm)2]2+ (M = Au, Ag, Cu) and [M2(dmpm)3]2+

(M = Au, Ag, Cu) complexes was detailed. The UV–vis ab-
sorption spectra of [M2(dcpm)2]2+ and [M2(dmpm)3]2+ ex-
hibit an intense low energynd�* → (n+ 1)p� transition with
its transition energy increasing as one goes from two- to
three-coordinated complexes. The transition energy for the
[M2(dcpm)2]2+ complexes follows the order: Ag > Au > Cu.
A resonance Raman intensity analysis of the spectra was
done to extract an estimate of the structural changes of
the 1[d�*p�] excited states relative to the ground state.
The structural changes in these compounds were compared
with each other and with other related compounds. The
metal–metal bonds were observed to be very similar for
the ground and excited states of the [Au2(dcpm)2]2+ and
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[Au2(dmpm)3]2+ complexes but significantly different for the
[Cu2(dcpm)2]2+ and [Cu2(dmpm)3]2+ complexes that exhibit
weaker metal–metal bonding. The ground states of1, 2, and
4 were found to follow the “Au–Au” and “Ag–Ag” correla-
tion well (seeFigs. 10 and 11). However, the initially formed
1[d�*p�] excited states of1, 2, and4 exhibit strong differ-
ences with the “Au–Au” and “Ag–Ag” correlation curves.
This is probably due to solvent interactions in the initially
excited state and some indirect evidence for this was dis-
cussed.

We have recently begun to explore for potential
metal–metal interactions in other binuclear metal complexes
containing Ni and Pt[46] and mixed d8–d10 binuclear com-
plexes containing Pt and Au or Pt and Cu[47]. In addition, it
would be interesting to extend these UV–vis and resonance
Raman studies to trinuclear and larger organometallic com-
plexes to try and better understand their specific metal–metal
interactions in both their ground and excited states. In par-
ticular, time-resolved studies like time-resolved resonance
Raman spectroscopy[48] would be very useful to directly
investigate the excited state metal–metal bonding and its in-
teraction with solvent and/or substrates and possible exciplex
formation. Further work on characterizing weak metal–metal
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