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Abstract: The complexes [Au2(dcpm)2]-
Y2 (dcpm� bis(dicyclohexylphosphino)-
methane; Y�ClO4

ÿ (1), PF6
ÿ (2),

CF3SO3
ÿ (3), Au(CN)2

ÿ (4), Clÿ (5),
SCNÿ (6) and Iÿ (7)) were prepared,
and the structures of 1 and 4 ± 7 were
determined by X-ray crystallography.
Complexes 1 ± 4 display intense phos-
phorescence with lmax at 360 ± 368 nm in
the solid state at room temperature as
well as in glassy solutions at 77 K. The
solid-state emission quantum yields of
the powdered samples are 0.37 (1), 0.74
(2), 0.53 (3) and 0.12 (4). Crystalline
solid 5 displays both high-energy UV
(lmax� 366 nm) and low-energy visible
emissions (lmax� 505 nm) at room tem-
perature, whereas either 6 or 7 shows

only an intense emission with lmax at 465
or 473 nm, respectively. All the com-
plexes in degassed acetonitrile solutions
exhibit an intense phosphorescence with
lmax ranging from 490 to 530 nm. The
high-energy UV emission is assigned to
the intrinsic emission of the 3[ds*ps]
excited state of [Au2(dcpm)2]2�, whereas
the visible emission is attributed to the
adduct formation of the triplet excited
state with the solvent/counterion. The
quenching rate constants of the visible
emission of [Au2(dcpm)2]2� in acetoni-

trile by various anions are 6.08� 105

(ClO4
ÿ), 9.18� 105 (PF6

ÿ), 1.55� 107

(Clÿ) and 4.06� 109 (Iÿ) molÿ1 dm3 sÿ1.
The triplet-state difference absorption
spectra of 1 ± 4 in acetonitrile show an
absorption band with lmax at 350 nm and
a shoulder/absorption maxima at 395 ±
420 nm; their relative intensities are
dependent upon the halide ion present
in solution. Substrate binding reactions
of the 3[ds*ps] excited state with halide
(Xÿ) to give [Au2(dcpm)2X]�* would
account for the lower energy absorption
maxima in the triplet-state difference
absorption spectra. With iodide as the
counterion, complex 7 undergoes a pho-
toinduced electron-transfer reaction
with Iÿ to give the radical anion I2

ÿ.
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quenching

Introduction

An important class of reactions in inorganic photochemistry is
the substrate-binding reaction involving a metal ion in a
electronically excited state.[1±5] These reactions are of impor-
tance with regards to molecular exciplex formation,[2, 3] which
usually proceeds with coordinatively unsaturated metal com-
plexes, such as the four-coordinate d8[4] and two-coordinate d10

metal species;[2, 5] however, there only a few studies to be
found in the literature. In the context of developing lumines-
cent probes for molecular recognition and light-induced
inner-sphere atom-transfer reactions,[1] these reactions are of
paramount importance as they bring the excited-state mole-
cule and its reaction partner into close proximity so that
chemical reactions or sensing can occur. While molecular
exciplexes have been well studied in organic photochemistry,

documentary evidence for inorganic exciplex emissions is
sparse in the literature.[2b, 3±6] Previous studies by McMillin
and co-workers had highlighted the importance of the effect
of copper(i) ± solvent exciplex formation on the photophysical
and photochemical properties of luminescent d10 copper(i)
complexes.[3] Our approach to develop new photocatalysts for
light-induced atom-transfer reactions is to explore the photo-
chemistry of coordinatively unsaturated gold(i) complex-
es.[2b, 7] The two-coordinate d10 gold(i) complexes are of
particular interest: this class of complexes has vacant coordi-
nation sites at the gold atom, are readily prepared and are
stable towards air and moisture, but yet possess rich photo-
luminescence properties.[8±10] For dinuclear gold(i) complexes
with two gold(i) centers held in close proximity, a lower energy
5ds*! 6ps transition with a red-shift in energy from its
mononuclear counterpart is reported.[11] Excitation of the
weakly bonded dinuclear and polynuclear gold(i) complexes
into the 5ds*! 6ps transition would produce the 3[ds*ps]
excited state, which has a formal metal ± metal single bond
and has been attributed to be responsible for their visible
photoluminescence in many instances.[2b, 11] Recent prelimi-
nary work by our group, however, has suggested that the
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visible emissions of the [Au2(dcpm)2]Y2 (Y�ClO4
ÿ (1), PF6

ÿ

(2), SO3CF3
ÿ (3), Au(CN)2

ÿ (4), Clÿ (5), SCNÿ (6) and Iÿ (7);
dcpm� bis(dicyclohexylphosphino)methane) systems, with
intramolecular AuI ´ ´ ´ AuI separations between 2.92 ± 3.02 �,
come from exciplexes as a result of the solvent/counterion and
the 3[ds*ps] excited-state association.[2b] In these dinuclear
gold(i) systems, dcpm was chosen as the bridging ligand, since
its intraligand transitions occur at much higher energy than
5ds*! 6ps transitions. Here we present results from emission
and time-resolved absorption spectroscopy revealing that the
3[ds*ps] excited state of [Au2(dcpm)2]2� readily undergoes
substrate-binding reactions. The present findings highlight the
important role of gold ± ligand bonding in affecting the
photophysical and photochemical properties of photolumi-
nescent gold(i) complexes.

Results and Discussion

Crystal structures : The structures of the complexes 1 and 4 ± 7
have been determined by X-ray diffraction, and some of the
results have been communicated elsewhere.[2b] The perspec-
tive views of the molecules 1, 4, 5 and 7 are shown in
Figures 1 ± 4, and the crystallographic data are listed in
Tables 1 and 2. Depending on the conditions of crystallisation,
complex 7 could be obtained in two crystalline forms, namely,
[Au2(dcpm)2]I2 (7 a) and [Au2(dcpm)2]I2 ´ 0.5 CH2Cl2 (7 b).

In all the complexes prepared in this work, the gold atom
adopts a linear coordination while displaying significant
Au ´´ ´ Au interactions. The crystal structures of all the gold(i)
complexes reveal a T-shaped geometry at the gold atom. The
Au ± Au distances found in these gold(i) complexes (1:
2.9389(9), 4 : 2.9876(5), 5 : 2.9925(2), 6 : 2.9821(7), 7:
3.0756(6) �) are within the range expected for weak Au ±
Au interactions.[12] The gold ± anion distance in [Au2(dcpm)2]-

Figure 1. ORTEP drawing of [Au2(dcpm)2](CO4)2 (1) (the counter-anions
are not shown). The closest Au contact with a ClO4

ÿ oxygen is 3.36(2) �.

Figure 2. ORTEP drawing of [Au2(dcpm)2][Au(CN)2]2 (4).

Figure 3. ORTEP drawing of [Au2(dcpm)2]Cl2 (5).

Figure 4. ORTEP drawing of [Au2(dcpm)2]I2 (7).
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Cl2 ´ 0.25 CH3OH (5) differs from those in the
[Au2(dcpm)2](SCN)2 and [Au2(dcpm)2]I2 salts, which exhibit
close gold ± anion contacts at both gold atoms. However, for 5,
only one of the two gold atoms has a short AuÿCl con-
tact (2.7755(9) �, see Figure 3), and it is the shortest Au ±
anion contact found in this work (cf. Au ´´´ I� 2.9960(7);

Au ´´ ´ SCN� 3.011(3); Au ´´´ Au(CN)2� 3.33(1); Au ´´´
OClO3� 3.36(2) �). As discussed below, the variation of the
gold ± anion contact has a significant effect on the solid-state
emission of the gold(i) complexes studied in this work.
Accordingly, complex 7 has a 31P NMR chemical shift (d�
48.5) that is lowest among the gold(i) complexes studied in this
work. Indeed the 31P chemical (d) shifts of [Au2(dcpm)2]Y2 are
in the order 1 ± 4 (54.1)> 5 (52.9)> 6 (50.1)> 7 (48.5), which
is in agreement with the order of softness of the Yÿ ions, Iÿ>
SCNÿ>Clÿ>ClO4

ÿ, PF6
ÿ, CF3SO3

ÿ.

Electronic absorption spectra : Complexes 1 ± 4 have similar
UV/Vis absorption spectra in acetonitrile (Figure 5, solid
line), and we assign the intense absorption band at 277 nm
(e� 2.6 ± 2.9� 104) to the 1(5ds*! 6ps) transition. The as-
signment is based on our recent resonance Raman studies of
some dinuclear gold(i) complexes.[11] A weak shoulder at l�
310 nm (e� 400) is attributed to the corresponding singlet ±

Figure 5. UV/Vis spectral changes of [Au2(dcpm)2](ClO4)2 (1) in degassed
acetonitrile at room temperature as a function of the [NBu4]I concentration
(with the same concentration of [NBu4]I in acetonitrile as the background).

Table 1. Selected crystallographic and data collection parameters for complexes 1 and 4 ± 7.

1 4 5 6 7a

formula Au2C50H92P4 ´ 2ClO4 Au2C50H92P4 ´ 2 Au(CN)2 Au2C50H92P4Cl2 ´ 0.25 CH3OH Au2C50H92P4 ´ 2SCN Au2C50H92P4I2

Mr 1410.01 1709.11 1290.02 1327.28 1464.09
T [K] 301 301 293 301 301
crystal system monoclinic triclinic monoclinic tetragonal triclinic
space group P21/a (No. 14) P1Å (No. 2) P21/c (No. 14) I41/a (No. 88) P1Å (No. 2)
a [�] 17.812(5) 12.399(2) 19.1931(14) 30.140(3) 13.702(9)
b [�] 14.733(4) 12.984(2) 21.6614(16) 14.712(5)
c [�] 23.156(4) 10.904(2) 29.064(2) 12.872(2) 15.978(4)
a [8] 113.56(1) 81.18(2)
b [8] 107.98(2) 108.79(1) 94.066(2) 73.15(2)
g [8] 95.83(1) 66.78(2)
V [�3] 5779.(2) 1468.7(5) 12053(2) 11693(2) 2830(2)
Z 4 1 8 8 2
1calcd [gcmÿ1] 1.620 1.932 1.413 1.508 1.719
m(MoKa) [cmÿ1] 53.02 101.39 50.86 52.44 64.31
crystal size [mm] 0.25� 0.20� 0.15 0.20� 0.15� 0.30 0.20� 0.18� 0.12 0.25� 0.20� 0.10 0.20� 0.15� 0.10
F(000) 2832 820 5124 5344 1432
2qmax [8] 50 50 55 51 50
unique reflections 10617 5167 27694 5591 9956
parameters 555 301 1054 280 523
Rf 0.041 0.036 0.051 0.047 0.033
Rw 0.056 0.046 0.134 0.068 0.043
goodness of fit 1.64 2.03 0.814 2.59 1.20
residual electron density [e �ÿ3] 1.09/ÿ 0.80 1.95/ÿ 2.29 1.052/ÿ 1.082 1.21/ÿ 0.94 1.04/ÿ 0.79

Table 2. Selected bond lengths [�] and bond angles [8] of 1, 4, 5 and 7.

Complex 1
Au1 ´´´ Au1* 2.9389(9) Au1ÿP1 2.317(3)
Au1ÿP2* 2.320(3) Cl1ÿO1 1.45(2)
Cl1ÿO2 1.35(2) Cl1ÿO3 1.35(2)
Cl1ÿO4 1.48(2)

Au1*-Au1-P1 93.31(8) Au1-Au1*-P2 91.20(8)
P1-Au1-P2* 173.9(1) O1-Cl1-O2 114(1)
O1-Cl1-O4 107(1)

Complex 4
Au1 ´´´ Au1* 2.9876(5) Au1*ÿP2 2.307(2)
Au1ÿP1 2.316(2) Au2ÿC1 1.98(1)
Au2ÿC1* 1.97(1) N1ÿC1 1.12(1)
N1*ÿC1* 1.15(1) Au1* ´´´ N1 3.33(1)
Au1*-Au1-P1 94.25(4) Au1-Au1*-P2 89.66(4)
P1-Au1-P2* 173.92(6) C1-Au2-C1* 180.0
Au2-C1-N1 179(1) Au2-C1*-N1* 178(1)

Complex 5
Au1 ´´´ Au2 2.9925(2) Au1ÿP1 2.3275(8)
Au1ÿP4 2.3261(8) Au2ÿP2 2.3086(8)
Au2ÿP3 2.3091(8) Au1 ´´´ Cl2 2.7755(9)
Au1-Au2-P2 95.54(2) Au1-Au2-P3 95.02(2)
Au2-Au1-P1 85.58(2) Au2-Au1-P4 87.60 (2)
P1-Au1-Cl2 97.10(3) P4-Au1-Cl2 91.21(3)
Cl2-Au1-Au2 171.89(2)

Complex 7
Au1 ´´´ Au1* 3.0756(6) Au1ÿI1 2.9960(7)
Au1ÿP1 2.342(3) Au1ÿP2* 2.321(2)
Au1-Au1*-I1* 98.21(2) Au1-Au1*-P1* 83.72(5)
Au1-Au1*-P2 94.31(5) I1-Au1-P1 94.40(6)
I1-Au1-P2* 107.62(6) P1-Au1-P2* 157.93(7)
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triplet transition. Similar weak shoulders at 320 nm have been
reported for [Au2(dmpm)2](ClO4)2 (dmpm� bis(dimethyl-
phosphino)methane) and [Au2(dmpe)2](ClO4)2 (dmpe�
bis(dimethylphosphino)ethane).[13]

The UV/Vis absorption spectrum of the iodide salt (i.e. , 7)
differs significantly from those of the other gold(i) complexes.
The intense band at l� 275 nm, which has a similar band
shape and energy to the 277 nm absorption band of the
[Au2(dcpm)2]2� ion, can be reasonably assigned to the
1(ds*! ps) transition. However, a definitive assignment of
the absorption at 246 nm (e� 3.7� 104) remains problematic
because of the strong absorption of the iodide anion in a
similar spectral region. While complexes 1 ± 6 absorb weakly
at l� 310 nm, complex 7 shows intense absorptions at 323 and
365 nm with e� 6.1� 103 and 1.3� 103, respectively. These
two intense absorption bands can be explained by the
coordination of the Iÿ ion to the ground state [Au2(dcpm)2]2�

complex [Eq. (1)].

[Au2(dcpm)2]2� � Iÿ> [Au2(dcpm)2]I� (1)

Note that the 31P NMR signal of the phosphine ligand in 7
appears at higher field (d� 48.5) than those of the phosphine
ligands in complexes 1 ± 4 (d� 54.1), which contain non-
coordinating counterions; this may be indicative of the iodide
coordination to the gold atom, which would lead to less
deshielded phosphorus atoms.

Figures 6 and 7 depict the UV/Vis spectral changes
for ª[Au2(dcpm)2](SO3CF3)2 (3) � [NBu4]Brº and

Figure 6. UV/Vis spectral changes of [Au2(dcpm)2](SO3CF3)2 (3) in
degassed acetonitrile at room temperature as a function of the [NBu4]Br
concentration.

Figure 7. UV/Vis spectral changes of [Au2(dcpm)2]Cl2 (5) in degassed
acetonitrile at room temperature as a function of the [NBu4]Cl concen-
tration.

ª[Au2(dcpm)2]Cl2 (5) � [NBu4]Clº in acetonitrile as a
function of the concentration. These spectral changes are
attributed to the reaction given in Equation (2).

[Au2(dcpm)2]2� � Xÿ> [Au2(dcpm)2]X� (2)

We also note that there is a red-shift in the absorption
maxima of [Au2(dcpm)2]X� as Xÿ changes from Clÿ to Brÿ

and Iÿ (lmax� 302 (Clÿ), 310 (Brÿ) and 323 (Iÿ) nm). However,
the extent of the red-shift is smaller than the related changes
in LMCT [pp(Xÿ)!Pt(p)] energies of [Pt2(P2O5H2)4X2]4ÿ

(Xÿ�Clÿ, Brÿ, Iÿ, NO2
ÿ, SCNÿ).[1b, 14] We suggest that the

electronic transitions of [Au2(dcpm)2]X� at l� 302 ± 323 nm
are ds*(Au)!ps(Au) in origin. Interactions between the
dz2(Au) and ps(AuÿX) orbitals account for the small red-shift
in the absorption maxima from Clÿ to Brÿ and Iÿ. Equilibrium
constants (K) for the reaction given in Equation (2) can be
calculated according to Equation (3):[13]

K� x

��Au2�
2 �0 ÿ x���Xÿ�0 ÿ x� (3a)

x�Aÿ eAu2�
2
�Au2�

2 �0
eAu2X� ÿ eAu2�

2

(3b)

in which x is the concentration of [Au2(dcpm)2]X� ; A is the
absorbance at the observed wavelength; [Au2

2�]0 and [Xÿ]0 are
the initial concentrations of [Au2(dcpm)2](SO3CF3)2 and
[NBu4]X, respectively, and e is the extinction coefficient in
molÿ1 dm3 cmÿ1 of the species designated by the subscript. The
simulated UV/Vis spectral changes show good agreement
with the experimental data, and the simulated association
constants for [Au2(dcpm)2]2� with Clÿ, Brÿ and Iÿ in acetoni-
trile are (1.8� 0.7)� 103, (5.1� 1.0)� 103 and (43� 21)�
103mÿ1, respectively (see the Experimental Section). These
values are smaller than those values of 104 ± 105 for
[Au2(dmpm)2]2� or [Au2(dmpe)2]2� complexes;[13] this can be
attributed to the bulkiness of the cyclohexyl substituents.

Solid-state emission : Upon excitation at l� 280 nm, com-
plexes 1 ± 4 exhibit intense photoluminescence with lmax at
368 nm in the solid state at room temperature (Figure 8). The

Figure 8. Room-temperature solid-state emission spectra of
[Au2(dcpm)2](SO3CF3)2 (3), [Au2(dcpm)2][Au(CN)2]2 (4), [Au2(dcpm)2]Cl2

(5) and [Au2(dcpm)2]I2 (7) with excitation at l� 280 nm. I� intensity.
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measured emission quantum yields of powdered samples were
0.37 (1), 0.74 (2), 0.53 (3) and 0.12 (4). The high solid-state
emission quantum yields reflect the fact that the [Au2-
(dcpm)2]Y2 solids are highly luminous materials in the near
UV-region.[15] Solids 1 and 2 also display weak visible
emissions at l� 564 and 505 nm, respectively, but this type
of emission was not found for 3. For solid 4, the visible
emission at l� 515 nm was found to be more intense than that
of solids 1 and 2. Both the high- (360 ± 370 nm) and low-
energy (500 ± 570 nm) emissions have lifetimes on the micro-
second timescale; this implies that these emissions are from
the triplet-parentage excited states. As discussed in a previous
communication,[2b] the high-energy emission is ascribed to
intrinsic phosphorescence from the 3[ds*ps] excited state.
With this assignment, the Stokes shift in energy between the
1[ds*ps] absorption and 3[ds*ps] emission for the
[Au2(dcpm)2]2� complex is 8930 cmÿ1, which compares well
with 7793 cmÿ1 found for the [Pt2(P2O5H2)4]4ÿ system.[1b] The
277 nm absorption and the 368 nm emission bands have a
similar band-shape, which serves as evidence of common/
similar electronic origin(s).

For complexes 6 and 7, only the visible emissions are
observed from their solid samples at room temperature
(Figure 8). Emission quantum yields of powdered samples
upon excitation at l� 280 nm are 0.09 (6) and 0.17 (7). These
quantum yields are significantly lower than those of the high-
energy UV ones for complexes 1 ± 3. The crystalline solid
[Au2(dcpm)2](SCN)2 (6) shows only one intense emission
band with lmax at 465 nm at room temperature. The two
isolated crystalline forms of 7 a and 7 b display different
emission energies. The room-temperature solid-state emission
maxima for [Au2(dcpm)2]I2 and [Au2(dcpm)2]I2 ´ 0.5 CH2Cl2

are 473 and 486 nm, respectively. It is particularly interesting
that the two compounds have virtually the same bonding
parameters. The inclusion of CH2Cl2 molecules into the
crystal lattice of [Au2(dcpm)2]I2 causes a red-shift in the
emission energy.

As stated in a previous section, the UV/Vis absorption
spectrum of 7 is different from that of [Au2(dcpm)2]2�,
consistent with complexation between [Au2(dcpm)2]2� and
Iÿ. The low-energy solid-state photoluminescence of this
complex is, therefore, attributed to the excited state associ-
ated with the three-coordinate AuP2I moiety. For complexes
1 ± 3, the Au ´´´ anion contact distances are significantly longer
than that of 7. Therefore, the effect of the neighbouring anion
on the 3[ds*ps] excited state of [Au2(dcpm)2]2� is weaker. This
accounts for the intense high-energy emission at l� 368 nm
for the former three complexes. Complex 4 is an intermediate
case, since the Au ´´´ anion contact distance lies between that
of 1 or 2 and 7. We found that the visible emission of 4 is more
intense than that of 1 and 2, but is not as intense as the 473 nm
emission of solid 7 a.

Complex 5 displays both high- and low-energy emissions
with lmax at 366 and 505 nm, respectively (Figure 8). The
overall solid-state emission quantum yield is 0.23. The X-ray
crystal structure of this complex shows a close Au ´´´ Cl
contact for one of the two gold atoms. The change in the
relative intensities between the high-energy UV and low-
energy visible emissions across 1 ± 7 (Figure 8 and Table 1 of

Ref. [2b]) is parallel with the variation of the Au ´´´ anion
interaction. This suggests that the cation ´´ ´ anion interaction,
either ionic or covalent, has a significant effect on the
photoluminescence of the gold(i) solids.

Solution emission : In acetonitrile, all the complexes show
emission with lmax ranging from 490 to 530 nm (Figure 9). The
high-energy emission at 368 nm is extremely weak. In
dichloromethane, there is no detectable emission. The ex-
citation spectra of the visible emissions obtained with dilute
acetonitrile solutions are identical to their absorption spectra
(Figure 9).

Figure 9. Excitation (left, emission monitored at l� 500 nm) and emission
(right) spectra of [Au2(dcpm)2](SO3CF3)2 (3), emission spectrum of
[Au2(dcpm)2]I2 (7) with excitation at l� 280 nm in degassed acetonitrile
at room temperature, and emission spectrum of [Au2(dcpm)2](SCN)2 (6)
with excitation at l� 280 nm in EtOH/MeOH (1:4 v/v) at 77 K. I� inten-
sity.

We have also studied the effect of halide ion concentration
on the emission. Initial addition of a small amount of [NBu4]X
to [Au2(dcpm)2](SO3CF3)2 in acetonitrile led to an enhance-
ment of the emission intensity and red-shift in the emission
maxima from 508 to 510 (Clÿ), 514 (Brÿ) and 530 nm (Iÿ).
Further addition of [NBu4]X resulted in a decrease of the
emission intensity.

In EtOH/MeOH (1:4 v/v) glassy solutions at 77 K, the
gold(i) complexes, with the exception of 7, display a high-
energy emission at l� 368 nm (Figure 9). Complex 7 shows a
low-energy emission with lmax at 460 nm. It should be noted
that their solid-state emission spectra are similar. A weak
emission at l� 420 ± 490 nm was observed for complexes 1 ± 6
(Table 1 in Ref. [2b]).

Emission quenching and time-resolved absorption studies :
Addition of [NBu4]X (X�ClO4

ÿ, PF6
ÿ, Clÿ and Iÿ) quenched

the emission of [Au2(dcpm)2]X2 in acetonitrile, as illustrated
by the plots shown in Figure 10. The observed decrease in
emission intensity with [Xÿ] follows the Stern ± Volmer
equation [Eq. (4)]:

i0/i� 1 � kqi0[X] (4)

in which i0 and i are the luminescent lifetimes in the absence
and presence of Xÿ, and kq is the quenching rate constant. The
kq values are 6.08� 105, 9.18� 105, 1.55� 107 and 4.06�
109 molÿ1 dm3 sÿ1 for ClO4

ÿ, PF6
ÿ, Clÿ and Iÿ, respectively.

The quenching rate constant for the Iÿ ion is particularly
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Figure 10. Room-temperature emission spectra of [Au2(dcpm)2]I2 (7) in
the presence of varying concentrations of [NBu4]I in degassed acetonitrile
with excitation at l� 280 nm. Concentration of [NBu4]I: 1) 0m, 2) 4�
10ÿ5m, 3) 2� 10ÿ4m, 4) 8� 10ÿ4m, 5) 2� 10ÿ3m. I� intensity.

large: it is 103 times larger than those with the ClO4
ÿ or PF6

ÿ

ions. To probe the quenching mechanism, we have studied the
effect of the counterion on the triplet-state difference
absorption spectra of [Au2(dcpm)2]2�.

The triplet-state difference absorption spectra of solutions
of [Au2(dcpm)2]Y2 in acetonitrile were measured after nano-
second-pulsed excitation at l� 266 nm. Assignment of the
difference absorption spectra to the triplet excited state is
confirmed by the excellent match of the decay lifetime of the
absorption signal with that of the emission. In the absence of
any added counterion, the spectra for complexes 1 ± 4,
recorded 1.5 ms after excitation, are similar and characterised
by an absorption maxima at l� 350 nm with a shoulder at
�395 nm. The 350 nm absorption, with a decay rate constant
comparable to the emission lifetime, is assigned to the triplet
excited state of [Au2(dcpm)2]2�, while the 395 nm shoulder,
with a much longer decay lifetime, is attributed to [Au2X�/
Au2S2�]* via Xÿ/S � Au2

2�*! [Au2X�/Au2S2�]* states. With
this assignment, the absorbance of Au2X�* is affected by Xÿ.
The transient absorption spectra for the complexes [Au2-
(dcpm)2]Y2 were measured as a function of the halide
concentration. The results are presented in Figures 11 ± 13.
As the anion is changed from ClO4

ÿ to SCNÿ and Iÿ

(Figure 11a), the absorption maxima at 350 nm decreases in
intensity; however, there is a concomitant development of a
lower energy absorption at 420 nm, the decay lifetime of
which is much longer than the decay lifetime measured at
350 nm. Typical spectral changes observed for complex 5 with
different Clÿ concentrations are shown in Figure 12. There is a
shift in the absorption maxima from l� 350 to �410 nm with
increasing Clÿ concentrations. Therefore, the equilibrium
given in Equation (5) is suggested to occur.

[Au2(dcpm)2
2�]* � Clÿ> [Au2(dcpm)2Cl �]* (5)

350 nm 410 nm

Figure 11. a) Room-temperature transient difference-absorption spectra
of [Au2(dcpm)2]Y2 (Y�ClO4

ÿ, SCNÿ, Iÿ) monitored after 1.5 ms pulsed
excitation at l� 266 nm in degassed acetonitrile solution. b) Room-
temperature transient difference-absorption spectra of [Au2(dcpm)2]-
(SO3CF3)2 (3) (5.1� 10ÿ5m) in various [NBu4]Br concentrations monitored
after 1.5 ms pulsed excitation at l� 266 nm in degassed acetonitrile
solution.

Figure 12. Room-temperature transient difference-absorption spectra of
[Au2(dcpm)2]Cl2 (5) (7.5� 10ÿ5m) in various [NBu4]Cl concentrations
monitored after 1.5 ms pulsed excitation at l� 266 nm in degassed
acetonitrile solution. Inset: decay traces of transient difference-absorption
spectra of [Au2(dcpm)2]Cl2 (5) (7.5� 10ÿ5m) in [NBu4]Cl (8.0� 10ÿ4m)
monitored at l� 410 nm.

It should be noted that the decay lifetime measured at l�
410 nm (i, 17.4 ms) is substantial. Similar results have been
obtained with solutions of complex 3 in acetonitrile in the
presence of varying concentrations of [NBu4]Br (Figure 11b).

As shown in Figure 11a, the triplet-state difference absorp-
tion spectrum for complex 7 shows an intense absorption peak
at l� 420 nm and a shoulder at �350 nm; in addition, a weak
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absorption at 730 nm is observed. When [NBu4]I was added to
the solution, the 420 nm absorption peak underwent a blue-
shift to l� 400 nm and the signal intensities at 400 and 730 nm
were enhanced with diminution of the 350 nm shoulder
(Figure 13). With reference to the previous work by Gross-
weiner and Matheson,[16±18] the 730 nm absorption maxima
can be assigned to the absorption of I2

ÿ.

Figure 13. Transient differential absorption spectra of [Au2(dcpm)2]I2 (7)
(4.1� 10ÿ5m) in degassed acetonitrile containing [NBu4]I (8.3� 10ÿ4m)
after a) 1.2 ms, b) 3.7 ms, c) 8.2 ms, d) 16.5 ms and e) 33.9 ms pulsed excitation
at l� 266 nm. Inset: [NBu4]I (5.5� 10ÿ5m).

Lifetime measurements showed that there are two decay
processes (lifetime� 3.8 and �42 ms) for the 400 nm absorp-
tion in the triplet-state difference absorption spectrum of 7.
The latter component becomes the major signal at higher
[NBu4]I concentrations. It is assigned to I2

ÿ. The minor, short-
lived component at 400 nm is attributed to the triplet excited
state of [Au2(dcpm)2]� . We conclude that photolysis of a
solution of 7 in degassed acetonitrile results in a photoredox
reaction [Eq. (6)].

[Au2(dcpm)2]2�* � 2Iÿ ÿ! [Au2(dcpm)2]� � I2
ÿ (6)

Conclusions

It is important to study the factors affecting the photophysical
and photochemical properties of luminescent gold(i) com-
plexes, which have been receiving growing interest in the past
several years. The open coordination framework of two-
coordinate gold(i) is important for it to be able to undergo
substrate-binding reactions in the ground and excited states.
In this work, high association constants (1.8 to 43� 103mÿ1) of
[Au2(dcpm)2]2� with halide ions were also determined. The
high affinity of two-coordinate gold(i) to undergo substrate-
binding reactions is in contrast to the square-planar d8

platinum(ii) system, which remains four-coordinate in most
instances. It is of interest to compare the [Au2(dcpm)2]2� (Au2)
with the classic dinuclear platinum(ii) photocatalyst
[Pt2(P2O5H2)4]4ÿ (Pt2). Both the Au2 and Pt2 systems have
vacant coordination sites at the metal atom, feature an intense

nds*! (n� 1)ps transition and have long-lived and emissive
3[ds*ps] excited states in fluid solutions at room temperature.
Importantly, the [ds*ps] triplet excited states of both systems
have a formal metal ± metal single bond and are powerful
photoreductants. Because [Pt2(P2O5H2)4]4ÿ is an effective
photocatalyst for CÿX bond activation via the reactive
[Pt2 ´´ ´ XÿC]* intermediate,[1] we envisioned that [Au2(di-
phosphine)2]2� photocatalysts may display similar photo-
chemical reactivities.

However, the [Au2(diphosphine)2]2� systems do not react
with CÿH bonds (including activated ones) photochemically.
Even though the [Au2(dppm)2]2� (dppm� bis(diphenylphos-
phino)methane) was reported to catalyze the photochemical
cleavage of CÿX (X� halide) bonds, the photochemical
reaction was found to take place following an electron-
transfer mechanism rather than an atom-transfer mecha-
nism.[7] Such a discrepancy in the photochemical properties
between the Au2 and Pt2 systems was difficult to rationalize
prior to this work, given the similar properties of the 3[ds*ps]
excited states of both systems and that both AuI and PtII are
coordinatively unsaturated. We propose that the apparent
lack of reactivity towards CÿH bond activation of the triplet
excited states of [Au2(diphosphine)2]2� is attributed to the fact
that the 3[ds*ps] state of Au2 exists as a solvent/anion exciplex
in solution, rendering the gold(i) less accessible towards
interacting with the CÿH bond by an inner-sphere pathway.
Indeed the high affinity of the 3[ds*ps] excited state of
[Au2(diphosphine)2]2� toward substrate-binding reactions has
also been confirmed by molecular orbital calculations, as
described in previous works.[19]

We propose that the high-energy 3[ds*ps] emission should
be present for any [Au2(diphosphinomethane)2]Y2 compound
in which Y is a non-coordinating anion. The fact that
[Au2(dppm)2](ClO4)2 shows no intense high-energy emission
in the solid state at room temperature deserves attention.[7a, 9a]

The only difference between [Au2(dppm)2](ClO4)2 and 1 is the
auxiliary phosphine ligand, namely phenyl- versus cyclohexyl-
substituted diphosphines. The phenyl rings of the dppm ligand
have their 3(pp*) state [the 3(pp*) emission of [Cy3PAu-Ph] is
at �347 nm in CH3CN] close in energy to the intrinsic
3[ds*ps] emission of [Au2(dppm)2]2� ; there may be a deacti-
vating state for the latter through an intramolecular energy-
transfer process. The neighbouring counteranion is an im-
portant factor affecting the high-energy emission of the
[Au2(diphosphinomethane)2]Y2 solid. For soft anions, such as
Iÿ, clear evidence exists for the complexation of the ground
state, and Au-anion complexation in the excited state would
quench the 3[ds*ps] high-energy emission. It is no wonder
that only low-energy emission attributed to three-coordinate
gold(i) species can be observed in the solid-state emission
spectra of 6 and 7 at room temperature, but not for the other
gold complexes.

Experimental Section

Materials : The salt K[AuCl4] (Johnson Matthey Chemicals), thiodiglycol
(2,2'-thiodiethanol, Aldrich) and dcpm (Strem) were used as received.
[Au2(dcpm)2]Y2 (Y�ClO4

ÿ, PF6
ÿ, SO3CF3

ÿ) complexes were prepared in a
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similar manner to [Au2(dppm)2](ClO4)2.[7] Solvents (spectroscopic grade)
used in the spectroscopic studies were dried over suitable reagents and
distilled under an argon atmosphere prior to use.

[Au2(dcpm)2]Y2 (Y�ClO4
ÿ (1), PF6

ÿ (2), SO3CF3
ÿ (3), Clÿ (5)): Thiodi-

glycol (0.22 mL, 2.12 mmol) was added to a stirred solution of K[AuCl4]
(0.4 g, 1.06 mmol) in methanol (40 mL), followed by addition of solid dcpm
(0.4 g, 1.04 mmol). A pale yellow solid precipitated, which dissolved upon
warming to give a colourless solution that was filtered. Addition of excess
LiClO4, NH4PF6 or NH4SO3CF3 to the filtrate produced white precipitates,
which were collected by filtration, and washed with distilled water and
diethyl ether. To purify the solids they were recrystallised from acetonitrile
by slow evaporation. Compound 5 was obtained as crystals by diffusion
with diethyl ether. The compounds were characterised by 31P NMR
spectroscopy and X-ray crystallography. 31P NMR (acetonitrile): d� 54.1
for 1 ± 3 ; 52.9 for 5.

[Au2(dcpm)2][Au(CN)2]2 (4): Solid dcpm (0.2 g, 0.52 mmol) was added to a
solution of K[AuCl4] and thiodiglycol in methanol as described above. The
solid [Au2(dcpm)]Cl2 was obtained after removal of the solvent. NaCN
(0.0225 g, 0.46 mmol) was then added to a solution of [Au2(dcpm)]Cl2

(0.2 g, 0.23 mmol) in dichloromethane (20 mL). After stirring for 2 h, the
mixture was filtered and the filtrate was concentrated to �4 mL by rotary
evaporation. Slow addition of hexane afforded a white precipitate, which
was collected by filtration, washed with distilled water and hexane, and
recrystallised from acetonitrile/dichloromethane. The crystalline solid was
characterised by 31P NMR and X-ray crystallography. 31P NMR (acetoni-
trile): d� 54.1.

[Au2(dcpm)2]Y2 (Y� SCNÿ (6) and Iÿ (7)): Compounds 6 and 7 were
prepared in a similar manner to 1. Addition of excess NaI to a solution of
K[AuCl4], thiodiglycol and dcpm in methanol afforded a yellowish powder.
Recrystallisation by slow evaporation from an acetonitrile or dichloro-
methane solution produced two different crystalline solids: one was white
while the other was greenish-yellow. The two crystalline solids were
characterised by 31P NMR and X-ray crystallography. 31P NMR (acetoni-
trile): d� 48.5 for both crystals ([Au2(dcpm)2]I2 and [Au2(dcpm)2]I2 ´
0.5CH2Cl2). When NaSCN was used as a precipitant, a crystalline solid
was obtained and characterised by 31P NMR and X-ray crystallography. 31P
NMR (acetonitrile): d� 50.1.

Equipment and procedures : Steady-state absorption spectra were recorded
at ambient temperature with a HP8453 UV-Vis spectrophotometer.
Crystals of suitable size were mounted either on glass fibres or in capillary
tubes. X-ray data were collected on either an MAR PSD diffractometer or a
Rigaku AFC7R diffractometer. Intensity data were collected by wÿ 2q

scans. The images were interpreted and integrated by means of the
DENZO or ABSOR software. The structures were solved by direct
methods (SIR 92) or the Patterson method (PATTY) and expanded by the
Fourier method. Structural refinement on F or F 2 by full-matrix least-
square analysis was performed with the TeXsan, SHELXL-93 or NRCC-
SDP VAX programs. ORTEP drawings of the structures are displayed with
hydrogen atoms omitted for clarity.

Crystallographic data for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication nos. CCDC-116329 (1), CCDC-116330 (4), CCDC-
116331 (7a), CCDC-150222 (5), CCDC-158872 (6), CCDC-158873 (7b).
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21 EZ, UK (fax: (�44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).

The equilibrium constants for the complexation of [Au2(dcpm)2]2� with
halides were simulated by Marquardt fits. All the simulation calculations
were performed by SPECFIT packages. The raw experimental data in
ASCII format was edited by a text editor to make them compatible with the
input format of SPECFIT before they were read by the program.

Corrected emission and excitation spectra were obtained on a SPEX
Fluorolog-2 ModelF111A1 fluorescence spectrofluorometer adapted to a
right-angle configuration. Filters of suitable bandpass were used to cut off
the second harmonic of the monochromatic excitation light source and
stray light. Solutions for excitation or emission measurements were
degassed by at least four freeze-pump-thaw cycles. Low-temperature
(77 K) emission spectra for glass and solid-state samples were recorded for
5 mm diameter quartz tubes which were placed inside a liquid nitrogen
bath placed in a quartz optical Dewar flask.

Measurement of emission quantum yields of powdered samples involved
the determination of the diffuse reflectance of the [Au2(dcpm)2]Y2 complex
relative to KBr at the excitation wavelength.[20] The measured results were
corrected according to the relative response of the detector as a function of
the wavelength. Emission lifetimes of solid or solution samples were
performed with a Quanta Ray DCR-3 Nd-YAG laser with pulse-width of
8 ns and excitation wavelength of 355 nm (third harmonic) or 266 nm
(fourth harmonic). Emission signals were collected at right angles to the
excitation pulse by a Hamamatsu R928 photomultiplier tube and recorded
on a Tektronix model 2430 digital oscilloscope.

Stern ± Volmer quenching measurements were carried out with degassed
solutions of the metal complex in the presence of a quencher Q. Linear
plots of t0/t versus [Q] were obtained from which bimolecular quenching
rate constants, kq, were deduced according to Equation (4).

Transient absorption spectra were recorded after excitation of the sample
in degassed acetonitrile with an 8 ns laser pulse at l� 266 nm. The
monitoring beam was provided by a 300 W continuous-wave xenon lamp
that was oriented perpendicular to the direction of the laser pulse. The
transient absorption signals at each wavelength were collected with a
SpectraPro-275 monochromator operating with 2 mm slits, with the signal
fed to a Tektronix TDS 520D oscilloscope. The optical difference spectrum
was generated point-by-point by monitoring at individual wavelengths.
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