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bstract

Structural investigations of homometallic di- and tri-nuclear coinage metal complexes with bridging phosphine ligands, [M2(P∩P)2]X2 and
M3(P∩P∩P)2]X3 (M = Cu(I), Au(I), and Ag(I); X = anion), have revealed close intramolecular metal–metal and metal–anion contacts
rystal lattices, thus providing solid-state evidence for metallophilicity and metal–substrate interactions in two-coordinate d10 metal ions
o verify the existence of weak closed-shell metal–metal interactions, UV–vis absorption and resonance Raman spectroscopic
ave been employed. Comparisons of the absorption spectra of [M2(P∩P)2]2+ and [M3(P∩P∩P)2]3+ show that the spin- and dipole-allow
nd�* → (n+ 1)p�] transition red-shifts in energy from [M2(P∩P)2]2+ to [M3(P∩P∩P)2]3+. This spectral assignment was confirmed by
nance Raman spectroscopy, which reveals stronger metal–metal interaction in the1[(n+ 1)p�, nd�* ] state compared to the ground sta
hotoluminescence from the3[(n+ 1)p�, nd�* ] excited state was also recorded for the [M2(P∩P)2]X2 and [M3(P∩P∩P)2]X3 solids, where X i
non-coordinating anion. The spectroscopic data for these metal-centered transitions are supported by theoretical calculations. P
f the M M bonded excited states through interaction with neighboring solvent molecules or anions lead to exciplex formations with

n the visible region. The sensitivity of photoluminescence of two-coordinate d10 metal complexes to metal-ligand coordination provide
ntry to new classes of luminescent sensory materials for substrate-binding processes. The3[(n+ 1)p�, nd�* ] excited states of [M2(P∩P)2]2+

M = Cu and Au) systems are powerful reductants and light-induced multi-electron photocatalysis by these systems have been ob
2005 Elsevier B.V. All rights reserved.

eywords:Closed shell; Metallophilicity; Exciplex; Luminescence; Spectroscopy

. Introduction

The most widely studied excited-state chemistry that
nvolves weak metal–metal interaction in the ground state

∗ Corresponding author. Tel.: +852 2859 2154; fax: +852 2857 1586.
E-mail address:cmche@hku.hk (C.-M. Che).

and enhanced metal–metal interaction in the excited st
[Pt2(�-P2O5H2)4]4− [1]. Square-planar Pt(II) with vaca
axial coordination site facilitates substrate binding reac
and the photochemistry mediated by [Pt2(�-P2O5H2)4]4−
includes atom abstraction, electron transfer, and inorg
exciplex formation[1b]. However, the reactivity of [Pt2(�-
P2O5H2)4]4− remains unique because structural modifica

010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2004.11.026
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is difficult. Thus, there is an impetus to develop new classes
of coordinatively unsaturated metal photocatalysts for light-
induced atom transfer and excited-state substrate-binding
reactions. In this context, photoluminescent d10 metal
complexes with low coordination numbers have become a
target for our studies over the past several years. Closed-shell
d10 metal complexes are known to exhibit photoluminescent
properties that are perturbed through subtle changes in the
environment, which the complexes are located.

Dori and co-workers first reported the intriguing pho-
toluminescence of d10 metal complexes[2]. In the paper
published in 1986, Vogler and Kunkely reported the photo-
luminescence of tetrameric copper(I) iodide complexes in
solution. The remarkable finding is that while the [Cu(L)I]4
complexes (L = pyridine, morpholine) do not display any
significant absorption atλ > 350 nm, they emit strongly at
λmax= 650–700 nm in solution[3]. Such a large Stoke’s
shift between the absorption and emission energies suggests
a strongly distorted excited state whose structure is signifi-
cantly different from the ground state. In 1989, Fackler and
co-workers[4] and Che et al.[5] independently reported the
spectroscopic properties and excited-state redox chemistry of
[Au2(dppm)2]2+ (dppm = bis(diphenylphosphino)methane).
This complex displays strong and long-lived phosphores-
cence atλmax= 593 nm (τ = 21�s andφ = 0.31) in solution
[4] that was attributed to AuAu bonded excited state. The
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properties in the presence of CO[14]. Such findings would
indicate that other factors apart from metal–metal interac-
tions are affecting the photoluminescence of polynuclear d10

metal complexes. In 1992, McCleskey and Gray reported
an intensely emissive three-coordinate [Au2(dcpe)3](PF6)2
(dcpe = 1,2-bis(dicyclohexylphosphino)ethane) complex
[15], thus highlighting the importance of gold-ligand
coordination upon the photoluminescent properties of Au(I)
complexes. Subsequently, we reported that the visible emis-
sion of the [M2(dcpm)2]X2 (dcpm = bis(dicyclohexylphos-
phino)methane) systems originate from metal–anion/solvent
exciplex formation[16].

2. Structural evidence for metal–metal and
metal–anion/solvent interactions

The M(I)–M(I) distances provide an indicator for metal-
lophilicity. M M contacts that are shorter than the sum of the
van der Waals radii (2.80̊A for Cu Cu, 3.32Å for Au Au,
and 3.44Å for Ag Ag [17]) are possibly prone to attractive
homodinuclear interactions. In the [M2(P∩P)2]X2 systems
described in the following section, the MM distances are
dependent upon the nature of the counter-anion, and this can
be attributed to the interaction between the [M2(P∩P)2]2+

core and X−.
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Au2(dppm)2]2+* excited state is a powerful reductant, w
n E◦ value of −1.6(1) V versus SSCE (saturated sod
hloride calomel electrode) according to Che’s work[6],
nd catalyzes light-induced CX bond cleavage from benz
alides[7]. These reports on the photophysical prope
f [Au2(dppm)2]2+ have subsequently generated inte

rom different research groups to develop photolumines
old(I) complexes[8].

It is well recognized that metallophilic interactio
etween closed-shell d10 metal ions can result in aggregat

o dimers, oligomers, chains and sheets[9–11], and mos
f these compounds are strongly emissive. In the litera
arious spectroscopic assignments have been put forw
ccount for the photoluminescent properties of polynuc
10 metal complexes. A metal–metal bonded excited
s typically invoked [8], and recently ligand-to-met
harge-transfer excited states have also been propos
he photoluminescence of polynuclear d10 chalcogenid
omplexes[12]. However, spectroscopic characteriza
or the metal–metal bonded excited states, usually den
(n+ 1)p�, nd�* ] or for ligand-to-metal charge-transf
xcited states of d10 metal complexes remains sparse.

It is a general phenomenon that the photolumines
roperties of polynuclear d10 metal complexes are sen

ively affected by subtle structural and/or environme
hanges. For example, variations of emission properti
olynuclear d10 metal complexes upon exposure to vola
rganic compounds had been observed by Balch, Eisen
nd Ford[13]. Catalano et al. reported a tetranuclear silve
luster, which undergoes significant changes in emis
r

The intramolecular Cu···Cu separations in [Cu2(dcpm)2]
ClO4)2 and [Cu2(dcpm)2](PF6)2 are 2.685 (av.) an
.790(5)Å, respectively, while those in [Cu2(dcpm)2
CH3CN)2]X2 (X = ClO4

− and PF6−) are 2.8096(9) an
.810(2)Å, respectively[16b]. The average Cu···Cu dis-

ance of [Cu2(dcpm)2]I2 is 2.905Å (Fig. 1), which is the
ongest among the [Cu2(dcpm)2]X2 complexes studied
his work. Such a long CuCu distance can be attribut
o the coordination of I− to Cu(I), which weakens the i
ramolecular metal–metal interaction. Indeed, the cou
nions in [Cu2(dcpm)2]X2 (X = ClO4

− and PF6−) have
een found to interact weakly with Cu(I) in trigonal fa

on, with the nearest Cu···O and Cu···F distances bein
.558(6) and 2.79(1)̊A, respectively (Fig. 2). The structure
f [Cu2(dcpm)2(CH3CN)2]X2 (X = ClO4

− and PF6−) revea
oordination of CH3CN to each Cu(I) core, affording a
haped trigonal P2CuN configuration (Fig. 3).

Replacement of the dcpm ligand with dppm leads to a
rease in the CuCu separation. A long Cu···Cu distance o
.757(3)Å was observed in [Cu2(dppm)2(CH3CN)4](ClO4)2

18], in which the Cu atoms adopt a pseudo-tetrahedral g
try. Similarly, previous reports on [Cu2(�-dppm)2(py)2]2+

py = substituted pyridines) complexes also revealed
u···Cu separations (>3.7̊A) [19]. It should be noted th
ven with a sterically bulky phosphine ligand, Cu(I)–an

nteractions have also been observed in the mon
lear [Cu(PCy3)2]ClO4 compound, in which a trigon
2Cu(O ClO3) configuration was observed.

We reported the crystal structure of [Cu3(dpmp)2
MeCN)2(�-Cl)2]ClO4 (dpmp = bis(diphenylphosphinom
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Fig. 1. Perspective view of [Cu2(�-dcpm)2]I2 (Reprinted with permission from Ref.[16d]. Copyright (2003) Wiley–VCH).

Fig. 2. Perspective view of [Cu2(�-dcpm)2](ClO4)2 (Reprinted with permission from Ref.[16d]. Copyright (2003) Wiley–VCH).
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Fig. 3. Perspective view of the cation of [Cu2(�-dcpm)2(CH3CN)2](ClO4)2 (Reprinted with permission from Ref.[16d]. Copyright (2003) Wiley–VCH).

ethyl)phenylphosphine)[20], which consists of three Cu(I)
ions in distorted tetrahedral geometry bridged by two
dpmp ligands and two chloride ions, plus two acetonitrile
molecules at the two terminal Cu(I) sites (Fig. 4). The
intramolecular Cu···Cu separations are 3.26 and 3.30Å,
thus indicating no Cu(I)–Cu(I) interaction. The average
P Cu P angle is 118.7◦, which deviates markedly from
linearity.

For [Ag2(�-dcpm)2]X2 and its derivatives, we have
also observed close Ag(I)-anion contacts[21]. Complex
[(Cy3P)Ag(O2CCF3)]2 crystallizes in a dimeric form, with
two [(Cy3P)Ag(O2CCF3)] units (P Ag O = 160.7(2)◦) held
together by a AgAg separation of 3.095(1)̊A (Fig. 5). The
crystal structure of [Ag2(�-dcpm)(�-O2CCF3)2] reveals
short and long AgO(acetate) separations (2.191(3) and
2.446(4)Å, respectively), plus a silver–silver distance of
2.8892(9)Å (Fig. 6). The molecular structures of [Ag2(�-
dcpm)2](CF3SO3)2 and [Ag2(�-dcpm)2](PF6)2 (Fig. 7)
contain Ag2P4C2 cores that adopt chair conformations. The
average silver–silver separation is 2.948Å in the former

and 2.923̊A in the latter, which are typical for polynuclear
Ag(I) derivatives with proposed Ag(I)–Ag(I) interactions
[22]. A slightly longer Ag Ag distance of 3.041(2)̊A was
reported for the analogous complex [Ag2(�-dmpm)2](PF6)2
[23] (dmpm = bis(dimethylphosphino)methane). Ho and
Bau [22a] reported the structure of [Ag2(dppm)2(NO3)2]
with an intramolecular Ag–Ag separation of 3.085(1)Å,
which is longer than the related values of 2.907–2.960Å in
[Ag2(�-dcpm)2]X2 (X = CF3SO3

− and PF6−) [21].
Close Ag-anion contacts are evident in the crystal lat-

tices of [Ag2(�-dcpm)2](CF3SO3)2 (Ag···O 2.692(7)Å) [21]
and [Ag2(�-dcpm)2](PF6)2 (Ag···F 2.64(5)Å) [21] where
one anion is associated with one Ag(I) site resulting in a
Ag Ag O/F angle of∼90◦, and the other similarly interacts
with Ag(I) at the opposite side of the Ag2P4 plane. It should
be noted that such interactions are not apparent in the crystal
structure of the gold(I) congener, [Au2(�-dcpm)2](ClO4)2]
[16a].

We have reported the structure of [Ag3(dpmp)2
(CH3CN)2(ClO4)2]ClO4·(Et2O)2 (dpmp = bis(diphenylph-
osphinomethyl)phenylphosphine[24], which consists of
three Ag(I) centres bridged by a pair of dpmp ligands ar-
ranged in atrans configuration, plus two perchlorate ions
and two acetonitrile molecules weakly coordinated to the
silver atoms (Fig. 8). The intramolecular Ag···Ag distances
a ˚ r
t
3
i ,
l
Fig. 4. Structure of [Cu3(�-dpmp)2(MeCN)2(�-Cl)2]+ [20].
re 2.943(2) and 3.014(2)A, which are slightly shorte
han those of 3.085̊A in [Ag2(dppm)2(NO3)2] [22a] and
.192(3)–3.362(3)̊A in [Ag3(dppm)3Br2]Br [25]. One Ag(I)

on interacts with both the ClO4− ion and CH3CN molecule
eading to severely bending of the corresponding PAg P
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Fig. 5. Perspective view of [(Cy3P)Ag(O2CCF3)]2 (Reprinted with permission from Ref.[21]. Copyright (2000) American Chemical Society).

angle to 137.9(1)◦. The Ag Ag Ag angle of 175.33(7)◦ is
close to linearity.

The crystal structures of [Au2(dppm)2]X2 have been ex-
tensively studied[4–6,26–28] prior to our investigations

on the [Au2(dcpm)2]X2 solids [16a,c]. The crystal struc-
ture of [Au2(dppm)2](BH3CN)2 shows a Au···Au separa-
tion of 2.982(2)Å with a short cation–anion Au···H(BH2CN)
contact (2.96(8)̊A) [29]. For the complex cation in
Fig. 6. Perspective view of [Ag2(�-dcpm)(�-O2CCF3)2] (Reprinted with per
mission from Ref.[21]. Copyright (2000) American Chemical Society).
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Fig. 7. Perspective view of cation in [Ag2(�-dcpm)2](PF6)2 (Reprinted with permission from Ref.[21]. Copyright (2000) American Chemical Society).

[Au2(dppm)2I][Au(CN)2], the two Au(I) are bridged by io-
dide with Au I distances of 3.161(3) and 3.342(3)Å and
Au Au I angle of 73◦. The intramolecular Au···Au separa-
tion is 2.967(1)̊A, while the P Au P angles are only slightly
perturbed from linearity (170 and 171◦). The crystal structure
of the cation in [Au2(dppm)2(S2CNEt2)](BH3CN) shows
that S2CNEt2− bridges two gold atoms by forming AuS
bonds (2.648(3) and 2.703(3)Å). Greater deviations of the
P Au P angles in [Au2(dppm)2(S2CNEt2)]+ from linearity
(160 and 154◦) suggest that the Au–S interactions are stronger
compared to Au–I in [Au2(dppm)2(I)]+. The Au···Au dis-
tance in [Au2(dppm)2(S2CNEt2)]+ is 2.949(1)Å, which is
typical for [Au2(dppm)2]X2 (X = Cl− [26], NO3

− [27], and
BF4

− [28]) compounds.

Fig. 8. Structure of [Ag(�-dpmp) (CH CN) (ClO ) ]+ [24].

The intramolecular AuAu distances for [Au2(dcpm)2]X2
are 2.9389(9), 2.9876(5), 2.9925(2), 2.9821(7), and
3.0756(6)Å for X = ClO4

−, Au(CN)2−, Cl−, SCN−, and
I−, respectively[16c]. The structure of [Au2(dcpm)2]I2
features a close Au···I contact of 2.9960(7)̊A, which
results in a T-shaped AuP2I geometry (Fig. 9). Similarly,
Au(I)–anion interactions, namely Au···OClO3

− (3.36(2)Å),
Au···Au(CN)2− (3.33(1)Å), Au···SCN− (3.011(3)Å),
and Au···Cl− (2.7755(9)Å) have also been detected,
although these distances are significantly longer than the
Au I separations in [Au2(dcpm)2]I2. As discussed in
the next section, these Au(I)-anion contacts can affect
the photoluminescence of the [Au2(dcpm)2]X2 solids.
Cation–anion interactions have also been reported for the
halide (Cl−, Br−, and I−) salts of [Au2(dmpm)2]2+ and
[Au2(dmpe)2]2+ (dmpe = bis(dimethylphosphino)ethane)
[30]. The cation in [Au2(dcpe)2](PF6)2 consists of two Au
atoms joined by two dcpe ligands[31], and the intramolec-
ular Au···Au distance of 2.936(1)̊A is comparable to that of
2.9389(9)Å in [Au2(dcpm)2](ClO4)2 [16c]. The structure of
[Au2(dcpe)3][Au(CN)2]2 [32] shows that each Au atom is
bound to one chelating dcpe and one bridging dcpe, and each
AuP3 unit has a distorted trigonal planar geometry (Fig. 10).
The bridging dcpe ligand in [Au2(dcpe)3]2+ extends the
Au···Au separation to 7.0501̊A, which results in no Au–Au
interaction.
3 2 3 2 4 2
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Fig. 9. Perspective view of [Au2(�-dcpm)2]I2 (Reprinted with permission from Ref.[16c]. Copyright (2001) Wiley–VCH).

We have previously reported the structures of
[Au3(P∩P∩P)2]X3 (P∩P∩P=dmmp=bis(dimethylphosphino-
methyl)methylphosphine, X = ClO4− [33]; P∩P∩P = dpmp =
bis(diphenylphosphinomethyl)phenylphosphine, X = SCN−
[34]), which consist of three Au(I) ions held together by
two bridging P∩P∩P ligands, plus three non-coordinating
anions (Fig. 11). In the [Au3(dmmp)2]3+ cation [33],
the Au Au Au angle of 136.26(4)◦ is greatly distorted
from a linear geometry, and the intramolecular Au···Au
distances of 2.981(1) and 2.962(1)Å are similar to those
observed in binuclear Au(I) complexes[4–6,26–29]. The
AuP2 units are linear with PAu P angles ranging from
175.0(2)◦ to 176.2(2)◦. The structure of the [Au3(dpmp)2]3+

cation [34], on the other hand, shows that the Au3 chain
is nearly linear with the AuAu Au angle of 167.21(2)◦,

Fig. 11. Structure of [Au3(P∩P∩P)2]X3 [33,34].

and the intramolecular AuAu distances are 3.0137(8) and
3.0049(8)Å. The three SCN− ions are considered to be
uncoordinated since the Au···SCN distances range from
2.947(4) to 3.717(7)̊A.

3. Spectroscopic evidence for thend�* → (n + 1)p�
transitions

In general, the UV–vis absorption spectra of the
[M2(dcpm)2]2+ complexes reveal an intense spin- and
dipole-allowed absorption band, which is absent from the
mononuclear counterparts. Such a spectroscopic feature
is attributed to a [nd�* → (n+ 1)p�] transition described
Fig. 10. Structure of [Au2(dcpe)3]2+ [32].
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Scheme 1. Molecular orbital diagram illustrating d10–d10 interaction in bin-
uclear coinage metal complexes.

by the molecular orbital diagram depicted inScheme 1.
The [nd�* → (n+ 1)p�] transition features a large� value
(>104 dm3 mol−1 cm−1) and this assignment is supported
by resonance Raman spectroscopic measurements, which
reveal the M M stretch fundamental and overtone bands
[16b,21,35]. Specific details for the Au(I), Ag(I), and Cu(I)
systems are now presented.

The electronic absorption spectrum of [Au2(dppm)2]
(ClO4)2 (dppm = bis(diphenylphosphino)methane)[4–6] in
acetonitrile exhibits an intense absorption band at 290 nm
attributable to the [5d�* → 6p�] transition, which is absent
in [Au{P(OCH2)3CC2H5}2]+ [36] and [Au{P(C2H5)3}2]+

[37]. We have employed sterically bulky and optically trans-
parent phosphine ligands to examine the spectroscopic prop-
erties of Au(I)–phosphine complexes. The aliphatic PCy3
and dcpm ligands are optically transparent in the UV region
(� ≥ 250 nm), which allow the [nd�* → (n+ 1)p�] transition
arisen from M(I)–M(I) interactions in the ground and excited
states to be probed.

The [Au2(dcpm)2]X2 (X = ClO4
−, PF6

−, CF3SO3
−,

and Au(CN)2−) complexes exhibit an intense band at
λmax= 277 nm (ε = 2.6× 104−2.9× 104 dm3 mol−1 cm−1)
and a weak shoulder atλmax= 310 nm (� ≈ 400 dm3

mol−1 cm−1), which are assigned to the1[5d�* → 6p�]
and3[5d�* → 6p�] transitions, respectively. McCleskey and
Gray also reported similar spectral feature for the related
[ at
2 n
a
t
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b the
2
h -
e with
λ

(
(
a rp-
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system. In acetonitrile, [Au3(dmmp)2](ClO4)3 exhibits an in-
tense 315-nm absorption band (ε = 23,360 dm3 mol−1 cm−1)
[33]. The red-shift in transition energy from the 271-nm ab-
sorption band of [Au2(dmpm)2]2+ [30] is in accordance with
the [5d�* → 6p�] assignment and signifies destabilization
of the d�* orbital upon increasing the number of AuP2 units,
which leads to narrowing of the 5d�* –6p� gap.

Emission from the [6p�, 5d�* ] excited state for the
[Au2(P∩P)2]2+ system has been recorded. Upon excitation
at 280 nm, [Au2(dcpm)2]X2 (X = ClO4

−, PF6
−, CF3SO3

−,
and Au(CN)2−) with non-coordinating anions exhibit in-
tense phosphorescence withλmax≈ 368 nm in the solid state
at room temperature and in MeOH/EtOH (4:1) glassy so-
lutions at 77 K. Time-resolved measurements revealed that
the solid-state emission of [Au2(dcpm)2](ClO4)2 at 368 nm
follows a single-exponential decay. The Stoke’s shift from
the 278-nm1[5d�* → 6p�] and 317-nm3[5d�* → 6p�] ab-
sorption bands to the room-temperature solid-state emission
of [Au2(dcpm)2](ClO4)2 at 368 nm are 8800 and 4370 cm−1,
respectively. These are in good agreement with values from
the analogous transitions in d8–d8 complexes[1b]. The
3[6p�, 5d�* ] emission of [Au2(dcpm)2]X2 (X = ClO4

−,
PF6

−, CF3SO3
−, and Au(CN)2−) has also been modelled

by theoretical calculations. Using [Au2(H2PCH2PH2)2]2+

as a model, a high-energy emission at 331 nm was calcu-
lated from the3A excited state in the absence of anion
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Au2(dcpe)2]2+; this complex exhibits an intense band
71 nm (ε = 10,000 dm3 mol−1 cm−1) and a weak absorptio
t 320 nm, which was assigned to the [5d�* , 6p�] singlet and

riplet states, respectively[15].
Complex [Au2(dcpm)2]I2 shows an intense absorpti

and atλ = 275 nm which has a similar band shape to
77-nm absorption band of the [Au2(dcpm)2]2+ ion, and
ence can be assigned to1(5d�* → 6p�) transition. How
ver, there are additional intense absorption bands
max at 323 nm (ε = 6100 dm3 mol−1 cm−1) and 365 nm
sh, ε = 1300 dm3 mol−1 cm−1), while [Au2(dcpm)2]X2
X = ClO4

−, PF6
−, CF3SO3

−, Au(CN)2−, Cl−, and SCN−)
bsorb only weakly atλ ≥ 310 nm. The two intense abso

ion bands of [Au2(dcpm)2]I2 at 323 and 365 nm are a
ributed to ground-state Au–I interactions. The [5d�* → 6p�]
ransition has also been observed for the tri-nuclear go
u
r solvent exciplex formation[38]. The calculated emi
ion energy matches the intense 368-nm solid-state
ion of [Au2(dcpm)2](ClO4)2, which has an intramolecul
u···Au separation of 2.927̊A. Based on ab initio calcula

ions, weak aurophilic attraction was found in the gro
tate of [Au2(H2PCH2PH2)2]2+, but the Au–Au interactio

s greatly enhanced in the3[6p�, 5d�* ] excited state. Suc
n increase in AuAu bond strength in the excited state w
imilarly supported by resonance Raman spectroscopic
urements[35].

The low-temperature (77 K) solid-state emission
Au2(dcpe)2]2+ appears atλmax= 489 nm. The emissio
pectrum of [Au3(dmmp)2](ClO4)3 in degassed acetonitr
hows dual phosphorescence at 467 and 580 nm[33]. The
igh-energy emission at 467 nm was previously attribute
pin-forbidden intraligand transition of the phosphine
nds, but it is appropriate to revise this assignment.
e-assign the 467-nm emission of [Au3(dmmp)2](ClO4)3 to
riginate from the3[6p�, 5d�* ] excited state. The 58
m emission is here assigned to come from bindin
H3CN to the [Au3(dmmp)2]3+ core in the excited sta

39].
Spectroscopic evidence for metal–metal bonded [�,

d�* ] excited states in binuclear and polynuclear Ag(I) co
lexes remain sparse in the literature. Owing to the very w
g–Ag interaction and the considerable larger energy ga

ween the 4d and (5s, 5p) levels, the [4d�* → 5p�] transition
an be easily obscured by intraligand [� → �* ] transitions o
rylphosphine ligands. In our studies, bulky, optically tra
arent phosphine ligands were employed and compar
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were made between the absorption and emission properties
of mono- and di-nuclear Ag(I) complexes. An intense absorp-
tion band is observed for [Ag2(�-dcpm)2]X2 (X = CF3SO3

−
and PF6−) atλmax= 266 nm (ε = 2.2× 104 dm3 mol−1 cm−1)
and for [Ag2(�-dcpm)(�-O2CCF3)2] at λmax= 243 nm
(ε = 1.3× 104 dm3 mol−1 cm−1) [21]. In contrast, the absorp-
tion spectra of [Ag(PCy3)(O2CCF3)]2 and [Ag(PR3)2]ClO4
(R = Me and Cy) showε values below 102 at λ ≥ 250 nm.
The high ε values and profiles of the prominent absorp-
tion bands of the [Ag2(�-dcpm)2]X2 system are charac-
teristic of [nd�* → (n+ 1)p�] transitions as observed for
[Au2(P∩P)2]2+ (P∩P = dppm, dcpm)[4–6,16a,c,35]. Signif-
icantly, the [4d�* → 5p�] absorption band for [Ag2(�-
dcpm)2]X2 (X = CF3SO3

− and PF6−) displays a slight blue-
shift to 261 nm and broadening in acetonitrile solution
(� = 1.7× 104 dm3 mol−1 cm−1). We suggest that coordina-
tion of CH3CN to Ag(I) would disrupt the intramolec-
ular Ag–Ag interaction, which would consequently af-
fect the [4d�* → 5p�] transition. For the tri-nuclear com-
plex [Ag3(dpmp)2(CH3CN)2(ClO4)2]ClO4·(Et2O)2, an ab-
sorption peak maximum at 288 nm (ε = 2.53× 104 dm3

mol−1 cm−1) was recorded in dichloromethane[24]. This
absorption is blue-shifted from the 315-nm absorption band
for the related [Au3(dmmp)2]3+ complex in acetonitrile[33],
and is assigned to the1[4d�* → 5p�] transition.

At 298 K, solid samples of [Ag(�-dcpm) ]X
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Fig. 12. Electronic absorption spectra of [Cu2(dcpm)2](ClO4)2

(–), [Cu(PCy3)2]ClO4 (- - -) in dichloromethane and [Cu2(dcpm)2
(CH3CN)2](ClO4)2 (···) in acetonitrile at room temperature. (Reprinted
with permission from Ref.[16b]. Copyright (2000) Wiley–VCH).

The 3[4p�, 3d�* ] emission from the Cu(I) system
has not yet been assigned with certainty. The solid-state
emission maxima of [Cu2(dcpm)2]X2 are sensitive to the
anion and coordinated solvent; [Cu2(dcpm)2](ClO4)2 shows
phosphorescence at 475 nm, while the emission maximum
of [Cu2(dcpm)2(CH3CN)2](ClO4)2 solid blue-shifts to
418 nm at room temperature. The coordinatively unsaturated
Cu(I) in [Cu2(dcpm)2]2+ salts can interact with solvent
molecules/counterions in their vicinity and this can lead to
low-energy emissions atλ > 450 nm. The weak high-energy
emission of the [Cu2(dcpm)2(CH3CN)2](ClO4)2 solid at
418 nm may be assigned to the3[4p�, 3d�* ] excited state.
Upon excitation at 280 nm, the mononuclear [Cu(PCy3)2]X
solids emit at 491 and 435 nm for X = ClO4

− and PF6−,
respectively. The crystal structure of [Cu(PCy3)2]PF6 re-
veals large separation between the PF6

− ion and Cu(I), thus
rendering copper–anion interactions unlikely. The red-shift
in solid-state emission energy of [Cu(PCy3)2]ClO4 can be
attributed to close contact between Cu(I) and ClO4

−, thus
stabilizing the excited state through Cu–OClO3

− interaction.

4. Metal–substrate binding reactions

A simplified molecular orbital diagram illustrating the
e d10

m
M
n is-
s

sted
e sfer
e -
p c
p
c ed
2 2 2
X = CF3SO3

− and PF6−) exhibit photoluminescenc
t λmax= 417–420 nm (lifetime ∼0.5�s). The large
toke’s shift of the solid emission maxima from
orresponding [4d�* → 5p�] absorption band in ac
onitrile (ca. 14,500 cm−1) indicate that the solid-sta
mission of these Ag(I) solids do not solely origin

rom the [5p�, 4d�* ] excited state[21]. The [Ag3(dpmp)2
CH3CN)2(ClO4)2]ClO4·(Et2O)2 solid emits at λmax=
67 nm at room temperature[24].

The [3d�* → 4p�] transition in Cu(I) systems has n
een reported prior to our work on the [Cu2(�-dcpm)2]X2
ystem. The UV–vis spectra of [Cu2(dcpm)2]X2 (X = ClO4

−
nd PF6−) in dichloromethane solution show intense abs

ion at 311 and 307 nm, respectively, with extinction c
cients greater than 104 dm3 mol−1 cm−1 (Fig. 12). As the
ononuclear [Cu(PCy3)2]ClO4 complex does not exhib
ny absorption at wavelengths greater than 280 nm, w
ign the absorption band of [Cu2(dcpm)2]X2 (X = ClO4

−
nd PF6−) at 311 and 307 nm to a metal–metal bon

3d�* → 4p�] transition. This spectral assignment has b
onfirmed by resonance Raman spectroscopy[16b]. The
inuclear [Cu2(dcpm)2]X2 (X = ClO4

− and PF6−) com-
lexes show an absorption at 315–320 nm in aceton
ith substantially lower extinction coefficients, reveal

hat coordination of acetonitrile to Cu(I) disrupts the Cu–
nteraction, and hence the [3d�* → 4p�] transition. The
Cu2(dmpm)3]2+ complex also exhibits an intense abso
ion band at 276 nm (ε = 10,800 dm3 mol−1 cm−1) in aqueou
olution, which is attributed to a1[3d�* → 4p�] absorption
16d].
ffect of substrate coordination to a two-coordinate
etal ion upon the d-orbitals is depicted inScheme 2.
etal–substrate coordination would stabilize the [(ndxy,

dx2−y2), (n+ 1)pz] excited state, which is generally em
ive for three-coordinate d10 metal systems.

As early as 1980, McMillin and co-workers had sugge
xciplex formation from the metal-to-ligand charge-tran
xcited state of [Cu(dmp)2]+* (dmp = 2,9-dimethyl-1,10
henanthroline) with Lewis base[40]. Spectroscopi
roperties of the three-coordinate [Au2(dcpe)3](PF6)2
omplex without Au(I)–Au(I) interaction were examin
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Scheme 2.

by McCleskey and Gray[15]. The [Au2(dcpe)3]2+

compound is strongly emissive withλmax= 508 nm
(τ = 21.1�s andφ = 0.80); this emission was assigned to
the 3[(5dx2−y2, 5dxy)(6pz)] excited state of three-coordinate
Au(I). The important role of three-coordinate Au(I) in
gold(I) photoluminescence was also illustrated by Che
and co-workers [41]. The two-coordinate [Au(P∩P)]+

(P∩P = 1,8-bis(diphenylphosphino)-3,6-dioxaoctane) com-
plex is non-emissive in solution, however, upon addition of
one equivalent of PPh3, an intense emission atλmax= 500 nm
was ‘switched on’ (Scheme 3, Fig. 13), and ground-state
complexation of [Au(P∩P)]+ by PPh3 to give the emissive
[Au(P∩P)PPh3]+ species was proposed.

With non-coordinating or weakly coordinating solvent
molecules/anions, it is difficult to observe substrate binding

Scheme 3. Equilibrium between [Au(P∩P)]+ and PPh3 in solution.

reactions involving two-coordinate Au(I) in the ground state
by spectroscopic means. However, as described in the fol-
lowing section, substrate binding reactions of Au(I) in the
excited state, even with non- or weakly-coordinating anion,
are facile and can be studied by time-resolved absorption and
emission spectroscopy.

F ence of
I tration f.
[

ig. 13. Room temperature emission spectra of [Au(P∩P)](ClO4) in the pres
nset: a plot of the emission intensity of [Au(P∩P)(PPh3)]+ vs. X:1 (concen
41]. Copyright (1998) Royal Society of Chemistry).
PPh3 in degassed acetonitrile solution. Molar ratio of PPh3:[Au(P∩P)]+ = X:1.
of [Au(P∩P)](ClO4) = 10−5 mol dm−3) (Reprinted with permission from Re
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Fig. 14. Room-temperature solid-state emission spectra of [Au2(dcpm)2]X2

(X = CF3SO3
−, Au(CN)2−, Cl−, and I−) with excitation atλ = 280 nm.I,

intensity (Reprinted with permission from Ref.[16c]. Copyright (2001)
Wiley–VCH).

In previous sections, we reported that the [Au2(dcpm)2]X2
(where X is the non-coordinating ClO4−, PF6

−, or
Au(CN)2− anion) solids show high-energy3[6p�, 5d�* ]
emission at 368 nm. These Au2(dcpm)2]X2 solids, however,
also display weak visible emissions atλ = 564, 505, and
515 nm for X = ClO4

−, PF6
−, and Au(CN)2−, respectively.

These lower-energy (500–570 nm) emissions are assigned to
triplet-excited states since their lifetimes are in the microsec-
ond regime.

For the [Au2(dcpm)2]I2 and [Au2(dcpm)2](SCN)2 solids,
the lower-energy visible emission becomes more dominant
with λmax at 465 and 473 nm, respectively, while their
3[6p�, 5d�* ] emission becomes diminished. We found that
an increase in the Au(I)–anion interaction enhances the in-
tensity of the visible emission from the [Au2(dcpm)2]X2
solids [16c]. The closer the cation···anion contacts, the
stronger would be the effect of the neighboring anion on
the 3[6p�, 5d�* ] excited state of [Au2(dcpm)2]2+, and
hence exciplex-adduct formation is more likely (Fig. 14).
Complex [Au2(dcpm)2]Cl2 displays both high- and low-
energy emissions withλmax at 366 and 505 nm, respec-
tively. The crystal structure of [Au2(dcpm)2]Cl2 reveals
a Au···Cl contact of 2.7755(9)̊A, which is shorter than
those of Au···I (2.9960(7)Å) and Au···SCN (3.011(3)̊A)
in [Au2(dcpm)2]X2 (X = I− and SCN−). Interestingly,
the energy of the low-energy solid-state emission fol-
l
( y
v be-
t

P
p
4
i f
[ m

Fig. 15. Room-temperature transient difference-absorption spectra of
[Au2(dcpm)2]Cl2 (7.5× 10−5 mol dm−3) in various [NBu4Cl] concen-
trations monitored after 1.5�s pulsed excitation atλ = 266 nm in de-
gassed acetonitrile solution. Inset: decay traces of transient difference-
absorption spectra of [Au2(dcpm)2]Cl2 (7.5× 10−5 mol dm−3) in [NBu4]Cl
(8.0× 10−4 mol dm−3) monitored atλ = 410 nm. (Reprinted with permis-
sion from Ref.[16c]. Copyright (2001) Wiley–VCH).

absorption spectroscopy. We assign the visible emission of
acetonitrile solutions of [Au2(dcpm)2]X2 to originate from
exciplex formation between the [Au2(dcpm)2]2+* core and
CH3CN molecules. This assignment is also supported by cal-
culations[38]. Using [Au2(H2PCH2PH2)2]2+·(MeCN)2 as
a model, the mean calculated AuN distances is 2.583̊A,
indicating that the MeCN molecules only weakly coordi-
nate to Au(I) in the ground state. However, in the3Au ex-
cited state of [Au2(H2PCH2PH2)2]2+·(MeCN)2, the Au N
distance was calculated to be 2.377Å, reflecting enhanced
interaction between Au(I) and the CH3CN molecules. The
[3Au → 3Ag] transition of [Au2(H2PCH2PH2)2]2+·(MeCN)2
was calculated to occur at 557 nm, which approaches the 575-
nm emission for [Au2(dppm)2](ClO4)2 and the 510-nm emis-
sion for [Au2(dcpe)2](ClO4)2 in acetonitrile solution at room
temperature. The calculated AuAu distance of 2.719̊A in
the3Au excited state of [Au2(H2PCH2PH2)2]2+·(MeCN)2 re-
veals formation of AuAu single bond and the Au–Au inter-
action is further enhanced through coordination of MeCN to
the gold atoms.

The triplet-state difference absorption spectrum of
[Au2(dcpm)2]Cl2 in acetonitrile was measured at different
concentrations of [NBu4]Cl (Fig. 15). The 350-nm absorp-
tion maximum, which comes from the triplet excited state
of [Au2(dcpm)2]2+, is shifted to 410 nm in the presence of
[NBu ]Cl, thus reflecting complexation of [Au(dcpm) ]2+*

w

ows the order: [Au2(dcpm)2]Cl2 (505 nm) < [Au2(dcpm)2]I2
473 nm) < [Au2(dcpm)2](SCN)2 (465 nm). The low-energ
isible emission is hence attributed to exciplex formation
ween the [Au2(dcpm)2]2+ core and X−.

At room temperature, [Au2(dcpm)2]X2 (X = ClO4
−,

F6
−, CF3SO3

−, Au(CN)2−, Cl−, SCN−, and I−) com-
lexes show emission in acetonitrile withλmax ranging from
90 to 530 nm, but the3[6p�, 5d�* ] emission at 368 nm

s extremely weak. For [Au2(dcpm)2]I2, complexation o
Au2(dcpm)2]2+ by iodide in the ground state is evident fro
4 2 2
ith Cl− to give [Au2(dcpm)2Cl]+* .
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Fig. 16. Emission spectral changes of [Cu2(dcpm)2](PF6)2 (2.4×
10−4 mol dm−3) in CH2Cl2 upon addition of CH3CN (λex = 310 nm) at
298 K. Concentration of CH3CN: (1) 0.05, (2) 0.24, (3) 2.4, (4) 4.8, (5)
9.6, (6) 12.5, (7) 14.4, (8) 14.9, (9) 16.6, (10) 17.8, (11) 18.2, (12) 18.7, (13)
19.2 mol dm−3. Inset: Emission intensity at 480 nm vs. [CH3CN] and theo-
retical fitting curve. (Reprinted with permission from Ref.[16d]. Copyright
(2003) Wiley–VCH).

[Au2(dcpm)2
2+]

∗
350 nm

+Cl− � [Au2(dcpm)2Cl+]
∗

410 nm

Complexes [Cu2(dcpm)2]X2 and [Cu2(dcpm)2
(CH3CN)2]X2 (X = ClO4

− and PF6−) emit very weakly in
CH2Cl2 (φ < 10−4), but emission at∼480 nm is ‘switched
on’ upon addition of CH3CN [16d]. Fig. 16 shows the
increase in emission intensity upon addition of CH3CN
to a solution of [Cu2(dcpm)2](PF6)2 in CH2Cl2. A non-
linear plot of emission intensity at 480 nm versus CH3CN
concentration was observed (inset ofFig. 16); the greatest
intensity at 480 nm was found in pure CH3CN. The emission
data match the fitting curve forn= 3 and we proposed that
the number of CH3CN molecules (n) coordinated with
the [Cu2(dcpm)2]2+ is not less than three. It appears that
the intense 480 nm emission comes from coordination of
CH3CN molecules to Cu(I), leading to the formation of a
strongly emissive3[(dx2−y2, dxy)(pz)] excited state from a
three- or four-coordinate Cu(I) site.

Cu2(dcpm)2]2+ + nCH3CN
K� [Cu2(dcpm)2(CH3CN)n]2+

(n ≥ 3)

5. Photochemistry

-
e sfer
r ated.
Q tors
e
a

Fig. 17. Transient absorption difference spectrum recorded 1�s after laser
flashing for a solution of [Cu2(dmpm)3]2+ (2.21× 10−4 mol dm−3) and
MV2+ (1.12× 10−2 mol dm−3) in CH3CN. (Reprinted with permission from
Ref. [16d]. Copyright (2003) Wiley–VCH).

acetonitrile, steady-state photolysis revealed no net chemical
reaction. The triplet excited states of the [Cu2(dcpm)2]2+ and
[Cu2(dmpm)3]2+ (dmpm = bis(dimethylphosphino)methane)
complexes are also powerful reductants[16d]. For example,
the emission of [Cu2(dmpm)3](ClO4)2 was quenched by
pyridinium acceptors through an electron transfer mech-
anism. Fig. 17 shows the transient absorption difference
spectrum of a CH3CN solution of [Cu2(dmpm)3]2+ and
MV2+ recorded 1�s after laser flashing at 355 nm.

The two absorption maxima at 385 and 605 nm are
due to MV•+, and the decay of absorbance at these
two wavelengths followed second-order kinetics (rate con-
stant = 6.9× 107 dm3 mol−1 s−1). The proposed photochem-
ical reaction is depicted inScheme 4.

Other pyridinium acceptors also quenched the 509-
nm emission of [Cu2(dmpm)3]2+*, and the quenching
rate constants were determined by Stern–Volmer kinet-
ics experiments. Upon fitting the rate constants using the
Rehm–Weller equation, the excited-state redox potential
(E◦[Cu2(dmpm)33+/2+*]) was determined to be−1.55 V ver-
sus SSCE and the reorganization energy (λ) is 0.76 eV[16d].

The emission of [Cu2(dcpm)2]2+ salts were also quenched
by pyridinium acceptors, but net steady-state photochem-
istry was not observed in acetonitrile. However, in the pres-
ence of ethanol or methanol, a facile net photoredox reac-
tion was observed upon laser-flash photolysis of a solution
o

d min,
w d
The [Au2(P∩P)2]2+ and [Cu2(P∩P)2]2+ systems are pow
rful photo-reductants, and light-induced electron tran
eactions with pyridinium acceptors have been demonstr
uenching studies with a series of pyridinium accep
stablished theE◦ values of both [Au2(dppm)2]3+/2+*

nd [Au2(dmpm)3]3+/2+* to be −1.6(1) V. However, in
f [Cu2(dcpm)2](PF6)2 and MV2+ (Fig. 18).
The absorbance at 607 nm attributed to MV•+ did not

ecay but reached a maximum after irradiation for 35
hile the absorbance of MV2+ at λmax= 260 nm decrease

Scheme 4.
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Fig. 18. UV–vis spectral changes of [Cu2(dcpm)2](PF6)2

(9.71× 10−6 mol dm−3) and MV2+ (2.04× 10−4 mol dm−3) in ethanol as
a function of irradiation time. Inset: absorbance at 607 nm as a function of
irradiation time. (Reprinted with permission from Ref.[16d]. Copyright
(2003) Wiley–VCH).

with irradiation. This suggests that the photochemically gen-
erated [CuICuII (dcpm)2]3+ species reacted with alcohol to
regenerate the [Cu2(dcpm)2]2+ precursor. A two-coordinate
Cu(I) site is essential since the [Cu2(dmpm)3]2+ complex
did not undergo a similar photochemical reaction with MV2+

in acetonitrile or in the presence of ethanol or methanol. It
appears that two-coordinate Cu(II) generated in situ by photo-
chemical means is a highly reactive species and could rapidly
react with alcohol, thus prohibiting back electron transfer
reactions. The [Cu2(dppm)2(CH3CN)4]2+ complex was
reported to catalyze light-induced carbon–carbon coupling
reactions of alkyl halides[7] and the photochemical reactions
could involve binding of alkyl halide to Cu(I) in the excited
state.

6. Concluding remarks

This review provides an overview of the structural and
spectroscopic investigations into the photoluminescent di-
and tri-nuclear coinage metal complexes [M2(P∩P)2]X2 and
[M3(P∩P∩P)2]X3. The intramolecular M(I)−M(I) separa-
tions in these d10 metal complexes fall in the range of
2.9–3.1Å for Ag(I) and Au(I), and 2.6–2.8̊A for Cu(I), which
are shorter than the sum of van der Waals radii of M(I), and
are therefore prone to weak closed-shell d10–d10 interactions.
I oun-
t
s nced
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( ur-
r the
[ as

supported by resonance Raman spectroscopy. For the di- and
tri-nuclear Au(I) complexes, the3[(n+ 1)p�, nd�* ] emission
in the UV region has been recorded.

The metal-ligand coordination in both ground and excited
states would stabilize the3[(ndx2−y2,ndxy), (n+ 1)pz] state of
a three-coordinate M(I) site, which is generally emissive and
could be lower in energy than the3[(n+ 1)p�,nd�* ] emission.
For example, the excited two-coordinate* Cu(CN)2−, formed
upon UV irradiation in aqueous solution, was reported to
coordinate with halide ion to give a long-lived, highly lu-
minescent exciplex[42]. Interestingly, such emissions are
usually observed atλ ≥ 400 nm, and hence lower in energy
than the3[(n+ 1)p�, nd�* ] excited states of the di-nuclear
[Cu2(P∩P)2]2+ complexes.

The photochemistry of two-coordinate d10 metal com-
plexes is an area of potential interest in the context of devel-
oping new photocatalysts. Studies in this area remain sparse.
The observation that net steady-state photochemical reduc-
tion of MV2+ to MV•+ can be achieved with [Cu2(dcpm)2]2+

in the presence of ethanol or methanol suggests that
highly reactive two-coordinate d9 Cu(II) species generated
photochemically could have a rich oxidation chemistry.
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