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Luminescent coinage metal clusters of acetylides and chalcogenides
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Abstract

A series of polynuclear copper(I) and gold(I) acetylides and tetranuclear copper(I) and silver(I) chalcogenides has been synthesized and
shown to exhibit rich photoluminescence behaviour at room temperature. The phosphorescent states of the complexes undergo facile oxidative
electron transfer quenching reactions with one-electron pyridinium acceptors and are strong reducing agents in the excited state. An LMCT/
d–s mixed state is suggested to be responsible for the low-energy emission. q 1997 Elsevier Science S.A.
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1. Introduction

Increasing interest is being shown in the investigation of
luminescent transition metal complexes, other than thosewith
a d6 metal–diimine core [1,2], which have been studied in
detail in recent decades. In particular, polynuclear d10 metal
complexes have attracted increasing attention in view of their
rich photophysical and photochemical behaviour [3–50].
Metal complexes of this class display intriguing structural
diversity, since the commonly encountered coordination
number around the d10 metal centre can vary from two to four
with a variety of geometries, the complexity of which
increases on increasing the number of metal centres in the
polynuclear clusters [51–55]. Another interesting aspect of
these polynuclear d10 metal complexes is the observation of
short metal–metal distances [4,22,23,25,27,31,33,36,40,
45,51–59]. Theoretically, in the absence of metal (nq1)s
and (nq1)p functions, the interaction between the closed-
shell d10 metal centres would be expected to be repulsive in
nature. However, configuration mixing of the filled nd orbi-
tals with the empty orbitals derived from higher energy
(nq1)s and (nq1)p atomic orbitals converts this repulsion
into a slight attraction between the metal centres, giving rise
to a weak metal–metal bonding interaction [60–64].

A number of luminescent polynuclear d10 metal complexes
have been reported to derive their emission from such d–s
or d–p excited states originating from weak metal–metal
interactions [4,10,11,15,16,19,25,26,30–32,46]. Recently, a
number of luminescent polynuclear d10 metal complexes
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have been found to emit from excited states other than that
with a pure metal-centred d–s origin. Examples in-
clude [Cu4I4(py)4] [6], [Hg4(SPh)6(PPh3)4]

2q [9],
[M6(mtc)6] (M_Cu, Ag; mtcy_di-n-propylmonothiocar-
bamate) [5] and [M4(SPh)10]

2y (M_Zn, Cd) [12], which
are thought to originate from metal cluster-centred d–s/
XLCT or d–s/LMCT mixed states. An analogous
[Ag4I4(PPh3)4] [16] cluster, which exists in both the chair
and cubane forms, has also been reported to show interesting
luminescence behaviour. However, the luminescence behav-
iour of the organometallic counterparts has not been explored
in detail, despite the large number of organometallic aggre-
gates of coinage metals containing short metal–metalcontacts
reported in the literature [51–55]. Interest in the bonding
picture of these systems has also increased in recent years,
and there are examples of metal–metal distances which are
even shorter than those found in the metal itself [40,51–
55,57–59,65–67]. Discussions on the presence of metal–
metal bonding in these systems have been reported, and indi-
cate that a short metal–metal contact does not necessarily
reflect the presence of a bonding interaction [51–55].

Following from our recent interest in the luminescence
properties of polynuclear d10 metal complexes [25–42], we
decided that, due to the unusual stereochemistry and various
bonding modes of acetylide and unsubstituted chalcogenide
ligands, an exploration into the spectroscopic and photo-
physical behaviour of soluble polynuclear d10 metal acetyli-
des and chalcogenide complexes would represent a
challenging area of research. Interest in these cluster com-
pounds of high nuclearity has also been stimulated by studies
on copper(I)-catalysed organic transformation reactions
[52] and on functional models of metal–sulphur redox pro-
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teins and metal–chalcogen semiconductor materials [68].
Recent reports on the potential application of metal acetylide
complexes as non-linear optical materials have also attracted
our attention [69,70]. However, their chemistry has not been
studied as extensively as that of the aryl and alkyl counterparts
owing to their insolubility in common solvents, which pre-
cludes structural characterization studies in many cases. Thus
a series of soluble coinage metal acetylide and chalcogenide
complexes has been synthesized and structurally character-
ized: acetylides: [Cu3(dppm)3(m3-h

1-C^CR)]2q (R_Ph
(1), tBu (2)), [Cu3(dppm)3(m3-h

1-C^CR)2]
q (R_Ph

(3), tBu (4)), [Cu3(dppm)3(m3-h
1-C^CtBu)(m3-Cl)]q

(5), [Cu4(PAr3)4(m3-h
1-C^CPh)4] (Ar_Ph (6), C6H4-F-

p (7), C6H4-Me-p (8), C6H4-OMe-p (9)), [Cu2-
(PPh2Me)4(m2-h

1-C^CPh)2] (10), [Cu4(PPh3)4(m3-
h1,h1,h2-C^CC6H4OMe-p)3]

q (11), [Cu4(dppm)4(m4-
h1,h2-C^C-)]2q (12) and [Au4(tppb)(C^CR)4] (R_Ph
(13), C6H4-OMe-p (14), nC6H13 (15)); chalcogenides:
[Cu4(dppm)4(m4-E)]2q (E_S (16), Se (17)) and
[Ag4(dppm)4(m4-E)]2q (E_S (18), Se (19), Te (20))
(dppm, bis(diphenylphosphino)methane; tppb, 1,2,4,5-
tetrakis(diphenylphosphino)benzene). The structures of
complexes 1–20 are illustrated in Fig. 1. The photophysical
and photochemical properties are reported in Refs. [27–
29,33–40].

2. Experimental section

2.1. Materials

All solvents were purified and distilled using standard pro-
cedures before use. Organic quenchers for Stern–Volmer
quenching experiments and transient absorption spectros-
copy were purified by recrystallizing twice using standard
procedures.

2.2. Synthesis of coinage metal complexes

All reactions were carried out under anaerobic and anhy-
drous conditions using standard Schlenk techniques. The
metal complexes 1–20 were prepared according to the pro-
cedures reported previously [27,29,33–40,71–73].

2.3. Physical measurements and instrumentation

UV–visible spectra were obtained on a Hewlett Packard
HP8452A diode array spectrophotometer. IR spectra were
obtained as Nujol mulls on a Bio-Rad FTS-7 Fourier trans-
form IR spectrophotometer (4000–400 cmy1). Steady state
excitation and emission spectra were performed using a Spex
Fluorolog-2 111 spectrofluorometer. Low-temperature (77
K) spectra were recorded using an optical Dewar sample
holder. Emission lifetime measurements were performed
using a conventional laser system. The excitation source was
the 355 nm output (third harmonic) of a Quanta-Ray Q-

switched GCR-150 pulsed Nd-YAG laser. Luminescence
decay signals were recorded on a Tektronix model TDS 620A
digital oscilloscope and analysed using a program for expo-
nential fitting. All solutions for photophysical studies were
prepared under vacuum in a 10 cm3 round-bottomed flask,
equipped with a side-arm 1 cm fluorescence cuvette and
sealed from the atmosphere by a Kontes quick-release Teflon
stopper. Solutions were rigorously degassed with no fewer
than four freeze–pump–thaw cycles.

Time-resolved transient absorption spectroscopy was per-
formed using the 355 nm output (third harmonic) of a
Quanta-Ray Q-switched GCR-150 pulsed Nd-YAG laser as
the excitation source, with the monitoring light beam gener-
ated from a 250 W quartz tungsten–halogen lamp placed
perpendicular to the excitation beam. The output of the quartz
tungsten–halogen lamp was wavelength selected by passing
through two monochromators (Oriel 77250, 1/8 m; Oriel
77200, 1/4 m). The transient absorption signals were
detected by a Hamamatsu R928 photomultiplier tube; the
signal was amplified using a Tektronix AM502 differential
amplifier and digitized on a Tektronix model TDS 620A
digital oscilloscope, interfaced to an IBM-compatible per-
sonal computer for data acquisition and analysis. The tran-
sient absorption difference spectra were generated using the
point-to-point method. The back electron transfer rate con-
stants (kbet) were obtained from a knowledge of the slope
(m) of a plot of the reciprocal of the absorbance change (1/
DA) vs. time (t) for the transient signal, with kbets(De)bm,
where De is the extinction coefficient difference between the
products and reactants at the monitored wavelength and b is
the path length of the cell. The plot is linear over at least 2.5
half-lives, indicative of second-order kinetics.

3. Results and discussion

3.1. Copper(I) acetylide complexes

The triangulo-Cu3 complexes 1–5 were prepared
by the reaction of the binuclear complex [Cu2(dppm)2-
(MeCN)2]

2q [74] with RC^CH in the presence of KOH or
nBuLi in the appropriate ratio under anaerobic and anhydrous
conditions [27,33]. Similar preparations have also been
reported by Gimeno and coworkers [71,72]. The complexes
consist of an isosceles triangular array of copper atoms with
a dppm ligand bridging each edge to form a roughly planar
[Cu3P6] core. Similarly, the tetranuclear Cu4 cubane com-
plex 6 was prepared by the reaction of [Cu(MeCN)4]

q,
phenylacetylene and an excess of triphenylphosphine and
KOH in dichloromethane–methanol under anaerobic and
anhydrous conditions. The analogous cubane complexes 7–
9 were prepared by the depolymerization of [CuC^CPh]n

with the respective tertiary phosphines [36,73]. Complex 10
was obtained as yellowish-green crystals by the depolymer-
ization of [CuC^CPh]n with two equivalents of methyldi-
phenylphosphine in dichloromethane [40]. Complex 11 was
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Fig. 1. Structures of complexes 1–20.

prepared by the reaction of [Cu(MeCN)4]
q, triphenylphos-

phine and [Au(C^CR)] in dichloromethane [39]. Complex
12 was formed in moderate yield by reaction of
[Cu2(dppm)2(MeCN)2]

2q with Me3SiC^CH in the pres-
ence of nBuLi in tetrahydrofuran (THF) [37]. A medium
sharp peak of the n(C^C) stretch at approximately 2020
cmy1 is observed for complexes 6–9.

The structure of the tetranuclear complexes 6–9 consists
of an essentially tetrahedral metal skeleton bearing four ter-
minally bonded phosphine molecules and four m3-h

1-phen-
ylacetylide ligands. This distorted cubane structure is similar
to those observed in other tetranuclear copper(I) clusters,
such as [Cu4X4L4] (X_halogen, L_N, P, As donors) [75–

77]. The bridging mode of the m3-acetylides is asymmetric.
The observed C^C distance and the linearity of the acetylide
groups are indicative of a typical C^C bond and characteristic
of metal acetylide s bonding. Complex 10 is diamond shaped
with the acetylide forming a m2-h

1 bridge. The structure of
complex 11 is essentially similar to that of complexes 6–9
except that one of the acetylide vertices is missing. Alterna-
tively, the open-cube Cu4 complex 11 can be viewed as con-
sisting of a puckered six-membered Cu3C3 ring containing
Cu(2), Cu(3) and Cu(4), which is reminiscent of the Cu3S3

unit, bridged by a Cu(PPh3)
q unit. Complex 12 shows crys-

tallographic C2 symmetry, with the four Cu atoms arranged
in a distorted rectangular array and the four m-dppm ligands
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Table 1
The Cu–Cu distances for the dinuclear, trinuclear and tetranuclear copper(I) acetylide complexes

Complex Cu–Cu distance (Å) Reference

[Cu3(dppm)3(m3-h
1-C^CPh)](BF4)2 (1) 2.813(3)–3.274(3) [72]

[Cu3(dppm)3(m3-h
1-C^CtBu)](PF6)2 (2) 2.910(1)–3.175(1) [33]

[Cu3(dppm)3(m3-h
1-C^CPh)2]PF6 (3) 2.570(3)–2.615(3) [71,72]

[Cu3(dppm)3(m3-h
1-C^CtBu)(m3-Cl)]PF6 (5) 2.754(2)–2.927(2) [27]

[Cu4(PPh3)4(m3-h
1-C^CPh)4] (6) 2.523(1)–2.676(1) [36,73]

[Cu4{P(C6H4-F-p)3}4(m3-h
1-C^CPh)4] (7) 2.550(2)–2.648(2) [78]

[Cu4{P(C6H4-Me-p)3}4(m3-h
1-C^CPh)4] (8) 2.567(2)–2.607(2) [36]

[Cu2(PPh2Me)4(m2-h
1-C^CPh)2] (10) 2.454(1) [40]

[Cu4(PPh3)4(m3-h
1,h1,h2-C^CC6H4OMe-p)3]PF6 (11) 2.446(2)–2.467(2) [39]

[Cu4(dppm)4(m4-h
1,h2-C^C-)](BF4)2 (12) 3.245(2), 3.264(2) [37]

Table 2
The electronic absorption data for complexes 1–20

Complex l nm (emax dm3 moly1 cmy1) a

[Cu3(dppm)3(m3-h
1-C^CPh)](BF4)2 (1) 260 sh (41450), 330 sh (14290) b

[Cu3(dppm)3(m3-h
1-C^CtBu)](PF6)2 (2) 260 sh (40890), 330 sh (2120) b

[Cu3(dppm)3(m3-h
1-C^CPh)2]PF6 (3) 255 sh (48825), 305 sh (32390) b

[Cu3(dppm)3(m3-h
1-C^CtBu)2]PF6 (4) 255 sh (39280), 350 sh (6150) b

[Cu3(dppm)3(m3-h
1-C^CtBu)(m3-Cl)]PF6 (5) 255 sh (42170), 330 sh (6950) b

[Cu4(PPh3)4(m3-h
1-C^CPh)4] (6) 261 (71300), 386 (17150), 445 (10675) c

[Cu4{P(C6H4-F-p)3}4(m3-h
1-C^CPh)4] (7) 260 (69790), 310 (31965), 400 (7305) c

[Cu4{P(C6H4-Me-p)3}4(m3-h
1-C^CPh)4] (8) 260 (86405), 320 (36750), 400 (7710) c

[Cu4{P(C6H4-OMe-p)3}4(m3-h
1-C^CPh)4] (9) 260 (133210), 320 (41210), 400 (7735) c

[Cu2(PPh2Me)4(m2-h
1-C^CPh)2] (10) 248 (51515), 315 (15290) c

[Cu4(PPh3)4(m3-h
1,h1,h2-C^CC6H4OMe-p)3]PF6 (11) 252 sh (88550), 330 (48925) c

[Cu4(dppm)4(m4-h
1,h2-C^C-)](BF4)2 (12) 262 (62580), 374 sh (6900) b

[Au4(tppb)(C^CPh)4] (13) 241 sh (138455), 271 sh (102320), 365 sh (9400) c

[Au4(tppb)(C^CC6H4-OMe-p)4] (14) 262 sh (133850), 276 (133895), 288 sh (126185), 302 sh (103260), 370 sh (10945) c

[Au4(tppb)(C^CC6H13)4] (15) 289 sh (37715), 355 sh (5620) c

[Cu4(dppm)4(m4-S)](PF6)2 (16) 265 sh (41490), 285 sh (34650) b

[Cu4(dppm)4(m4-Se)](PF6)2 (17) 262 sh (42670) b

[Ag4(dppm)4(m4-S)](OTf)2 (18) 246 sh (91745), 400 sh (970) b

[Ag4(dppm)4(m4-Se)](OTf)2 (19) 256 sh (53985), 402 sh (1445) b

[Ag4(dppm)4(m4-Te)](OTf)2 (20) 254 sh (67075), 440 sh (1475) b

a From Refs. [27,29,33–40].
b In MeCN at 298 K.
c In CH2Cl2 at 298 K.

bridging each of the four Cu–Cu edges in a saddle-like
arrangement. The C^C unit is situated in the middle of the
rectangular array of Cu atoms. The Cu–Cu distances for
selected complexes are summarized in Table 1. The Cu–Cu
distances of complexes 6–11 are much shorter than those of
the analogous cubane-type copper(I) halide complexes
[Cu(PPh3)X]4 [76]. Indeed, they are similar to or shorter
than that observed in metallic copper (2.56 Å). Such short
Cu–Cu contacts are not uncommon in organocopper systems
[52,53,57–59,67], in particular those of an electron-deficient
nature, and may not necessarily indicate significant metal–
metal interaction. Complexes 1 and 2 are 44-electron, 3 and
4 46-electron, 5 48-electron, 6–9 56-electron, 10 32-electron
and 11 54-electron systems, and hence all the complexes
except 5 are electron deficient.

The electronic absorption data of complexes 1–20 are sum-
marized in Table 2. The electronic absorption spectra of com-

plexes 1–12 are characterized by a high-energy absorption
band at approximately 260 nm and low-energy bands/shoul-
ders in the 300–350 nm region, with a long absorption tail
extending to 400–500 nm. The absorption bands at approxi-
mately 260 nm are similar to the absorption maxima of the
corresponding free phosphine ligands, and are assigned as
intraligand transitions. The only absorption spectral feature
unique to these clusters is the long-wavelength absorption
which tails to 400–500 nm.

Excitation of solid samples or fluid solutions of 1–12 at
l)350 nm produces a long-lived intense dual luminescence.
The photophysical data are collected in Table 3. Selected
emission spectra of complexes 1–12 are shown in Figs. 2–4.
The low-temperature (77 K) solid state emission spectra of
complexes 1–6 and 11 show very similar patterns: a high-
energy band at approximately 440–495 nm and a lower
energy emission at about 525–700 nm. The high-energyemis-
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Table 3
Photophysical data for complexes 1–12 a

Complex Medium (T K) lem nm (t0 ms)

1 Solid (298) 500 (21"2)
Solid (77) 492, 530 sh
Me2CO (298) 499 (6.8"0.7)
MeCN (298) 499 (15"1)

2 Solid (298) 627 (14"1)
Solid (77) 450, 570 sh, 692
Me2CO (298) 640 (2.6"0.3)

3 Solid (298) 493 (14"1)
Solid (77) 485, 525 sh
nPrCN glass (77) 471, 500 sh
Me2CO (298) 495 (5.9"0.5)
MeCN (298) 494 (6.5"0.6)

4 Solid (298) 450 (0.44"0.05), 540 (1.7"0.2)
Solid (77) 450, 530 sh
nPrCN glass (77) 442, 500 sh
Me2CO (298) 444 (0.24"0.02), 580 sh (16"1)
MeCN (298) 456 (0.27"0.03), 600 sh (4.1"0.4)

5 Solid (298) 440 sh (-0.01), 535 (33"3)
Solid (77) 440, 572
MeCN (298) 540 sh (5.3"0.5), 613 (5.4"0.5)

6 Solid (298) 483 sh (3.7"0.3), 522 (3.7"0.3)
Solid (77) 477, 524
CH2Cl2 (298) 420, 520 sh (-0.01), 616 (3.6"0.3)

7 Solid (298) 516 (1.3"0.1)
Solid (77) 516
CH2Cl2 (298) 420, 510 sh, 606 (0.86"0.09)

8 Solid (298) 548 (0.52"0.05)
Solid (77) 535
CH2Cl2 (298) 410, 510 sh, 620

9 Solid (298) 529 (2.9"0.3)
Solid (77) 521
CH2Cl2 (298) 410, 670

10 Solid (298) 467, 509 (87"5)
Solid (77) 464, 511
CH2Cl2 (298) 529, 660 sh

11 Solid (298) 445, 630 sh (20.7"1.0)
Solid (77) 445
CH2Cl2 (298) 675 (2.7"0.3)
Me2CO (298) 675 (4.0"0.4)

12 Solid (298) 509 (9.8"0.9)
Solid (77) 551
Me2CO (298) 562 (16"1)
MeCN (298) 560 (2.9"0.3)

a From Refs. [27,33,36,37,39,40].

Fig. 2. Solid state emission spectra of complexes 2 (———) and 4 (- - -)
at room temperature. Excitation wavelength, 350 nm.

Fig. 3. Solid state emission spectrum of complex 10 at 77 K. Excitation
wavelength, 350 nm.

sion is probably due to either metal-to-ligand charge transfer
(Cu™pU(RC^Cy) MLCT) or intraligand transition
(p™pU(RC^Cy) IL), since complexes 2, 4 and 5 emit at
similar energies (450 nm for 2 and 4, 440 nm for 5), whereas
the emission of 1, 3 and 6 occurs at lower energy (492 nm
for 1, 485 nm for 3 and 483 nm for 6), consistent with the
lower pU energy level for the phenylacetylide moiety. The
low-energy emission at approximately 525–700 nm is prob-
ably associated with a spin-forbidden transition, given the
long lifetime of the emission observed. It is possible that the
low-energy emitting state is related to the metal-centred
excited state 3d94s1 of Cu(I), modified by the copper–copper

interaction, due to configuration mixing of the filled orbitals
of d parentage with the appropriate empty orbitals derived
from the higher energy 4s and 4p atomic orbitals of the tri-
meric or tetrameric copper unit (d–s). A more probable
assignment of the origin of the low-energy emission involves
an acetylide-to-metal charge transfer (RC^Cy™Cu3

LMCT for complexes 1–5, RC^Cy™Cu4 LMCT for com-
plexes 6–9 and 11, RC^Cy™Cu2 LMCT for complex 10
and C^C2y™Cu4 LMCT for complex 12) excited state
[27,33,36,37,39,40]. The close resemblance between the
emission energies of the cubane complexes 6–9 and the dia-
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Fig. 4. Solid state emission spectrum of complex 12 at room temperature. Excitation wavelength, 350 nm.

mond complex 10 further supports an LMCT assignmentwith
a lower degree of d–s character. Similar assignments have
been suggested for tetrameric iodocopper(I) clusters[4,6,7].
In this context, we believe that, with complexes 2, 4, and 5,
where the strongly s-donating tBuC^Cy is involved, the
low-energy emission probably derives from an LMCT/d–s
mixed state with predominantly LMCT character. This has
been suggested on the grounds that the low-energy emission
band displays solvatochromism, with its energy shifted to the
blue on going from acetonitrile to the less polar solvent ace-
tone, indicative of charge transfer nature, and the low-energy
emission band in 2 is red shifted relative to those observed in
4 and 5. This is consistent with the fact that 2, carrying an
overall charge of 2q, would render the metal centre more
readily reducible. A pure d–s origin would predict that 2
would emit at higher energy, owing to the larger Cu–Cu
distances in the monocapped system relative to the mixed
halide-acetylide capped and bicapped systems (Table 1).
The red shift in the emission energy of 2 relative to 4 and 5
is also in accord with that expected for an LMCT assignment
with decreasing coordination number. For complexes 1 and
3, the low-energy emission also probably derives from an
LMCT/d–s mixed state [27,33].

Similarly, a red shift in energy of the low-energy emission
band from 616 nm in complex 6 to 675 nm in complex 11 in
dichloromethane is consistent with the assignment of an
LMCT/d–s origin. This is in line with the better s-donating
ability of the p-methoxyphenylacetylide moiety as well as
the fact that complex 11, bearing an overall positive charge
of 1q, would render the metal centre more readily reducible.
A similar assignment of an LMCT/d–s origin has been sug-
gested for the low-energy emission of complex 12 [37].

It is interesting to note that, regardless of the nature of the
excited state (d–s, LMCT or LMCT/d–s admixture), the
lowest energy transition would involve the promotion of an
electron to an empty bonding s orbital, i.e. the LUMO would
remain s bonded with regard to the metal cluster core, result-

ing in an excited state which is strongly contracted and dis-
torted owing to an increase in Cu–Cu bonding in this state
[4]. Such a distortion would be one of the factors accounting
for the large Stokes shifts observed in these Cu(I) complexes.

The phosphorescent state of complexes 1–5, 11 and 12 has
been found to be quenched by a number of pyridinium accep-
tors. Since the triplet state energy of pyridinium ion is too
high for the occurrence of any appreciable energy transfer
reaction between the excited state of the complex and the
quencher, the quenching mechanism is probably due to elec-
tron transfer. A representative non-linear least-squares fit of
a plot of the logarithm of the bimolecular quenching rate
constant vs. the reduction potential of the pyridiniumacceptor
for complex 11 is shown in Fig. 5. Table 4 summarizes the
excited state reduction potentials of selected tetranuclearcop-
per(I) complexes estimated from Stern–Volmer quenching
studies using a series of structurally related pyridiniumaccep-
tors with varying reduction potentials. The electron transfer
nature of these quenching reactions was further confirmed by
nanosecond transient absorption spectroscopy. A represen-
tative transient absorption difference spectrum generated
from the laser flash photolysis of a degassed acetone solution
(0.1 M nBu4NPF6) of complex 4 and 4-methoxycarbonyl-N-
methylpyridinium hexafluorophosphate is shown in Fig. 6.
All spectra were dominated by a high-energy band at approx-
imately 400 nm and a much broader band at about 790–850
nm [28,33]. The 400 nm band is characteristic of pyridinyl
radicals and matches well the reported spectrum of the
reduced radical of 4-methoxycarbonyl-N-methylpyridinium
[79,80]. The 790–850 nm band (lmax nm (emax dm3 moly1

cmy1): 3, 810 (9990); 4, 790 (8480); 5, 830 (7900)) does
not originate from the pyridinyl radical, but should be char-
acteristic of the polynuclear copper acetylide cluster.

The mechanism for the reaction of the phosphorescent state
of the trinuclear Cu(I) acetylide complexes with 4-methox-
ycarbonyl-N-methylpyridinium ion probably occurs as
shown below
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Table 4
The excited state reduction potentials of the tetranuclear copper(I)
complexes

Complex Excited state
reduction potential
(V vs. SSCE)

Reference

11 y1.71(10) [39]
12 y1.77(10) [37]
16 y1.72(10) [29]
17 y1.55(10) [34]

Fig. 5. Plot of ln k9q vs. E(Aq/A) for the electron transfer quenching of complex 11 by pyridinium acceptors in degassed acetone.

It is probable that the 790–850 nm absorption is a result of
the mixed-valence CuICuICuII species and can be attributed
to an intervalence transfer (IT) transition [28,33,81–83]

hn
UI I II I II I[Cu Cu Cu ]™[Cu Cu Cu ]

The back electron transfer rate constants (kbet) are esti-
mated to be 2.3=1010, 1.7=1010 and 2.7=1010 dm3 moly1

sy1 for the reaction of 4-methoxycarbonyl-N-methylpyridi-
nyl radical with [3]q, [4]q and [5]q respectively.

3.2. Gold(I) acetylide complexes

Reaction of [Au(C^CR)]n with 0.25 equivalent of
tppb in CH2Cl2 afforded the desired complexes
[Au4(tppb)(C^CR)4] (13, R_Ph; 14, R_C6H4OMe-p; 15,
R_nC6H13) in high yield [38]. Short intramolecular Au–Au
contacts of 3.1541(4) Å are observed between adjacent Au
units in complex 13. The electronic absorption spectra show
intense absorption bands at 250–300 nm with a lower energy
shoulder at approximately 365 nm (Table 2).

Excitation of the complexes at l)350 nm in the solid state
and in dichloromethane solutions results in a long-lived
intense emission (Table 5), the origin of which is suggested
to be dominated by the involvement of the bridging tppb
ligand [38].

The phosphorescent state has also been found to undergo
facile oxidative quenching reactions with pyridinium accep-
tors, such as methyl viologen, confirmed by transient absorp-
tion spectroscopy. A back electron transfer rate constant of
1.94=1010 dm3 moly1 sy1 has been obtained.

3.3. Copper(I) and silver(I) chalcogenides

Complexes 16–20 were prepared by the reaction of
[M2(dppm)2(MeCN)2]

2q with Na2E or Li2E (M_Cu,
E_S, Se; M_Ag, E_S, Se, Te) in acetone [29,34,35]. They
are isostructural, with the four metal atoms arranged in a
distorted rectangular array bridged by a m4-E atom. Unlike
complex 12, where the C^C unit is situated in the middle of
the rectangle, the chalcogen atom is projected above the M4

plane occupying the apex of a distorted rectangular-based
pyramid. The four bridging dppm ligands are arranged in a
saddle-like configuration as in complex 12. The metal–metal
contacts are summarized in Table 6. The Cu–Cu distances in
complex 16 are slightly shorter than those found in complex
17. Similarly, the Ag–Ag distances also increase slightly in
the order 18-19-20, a trend expected with increasing size
of the atom from S to Se to Te. It is interesting to note that
the Cu–Cu distances in complexes 16 and 17 are shorter than
those found in complex 12, which is understandable on the
grounds that the C^C unit is larger in size and is situated on
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Fig. 6. Transient absorption difference spectrum recorded 10 ms after laser flash excitation of a degassed acetonitrile solution of complex 4 (1.0=10y4 M)
and 4-methoxycarbonyl-N-methylpyridinium ion (1.3=10y2 M). The inset shows a plot of 1/DA monitored at 400 nm vs. time.

Table 5
Photophysical data for gold(I) acetylide complexes a

Complex Medium (T K) lem nm (t0 ms)

13 Solid (298) 599b, 611c (0.57)
Solid (298)d 529b (2.52)
Solid (77) 584b, 611c

Solid (77)d 529b, 569c

CH2Cl2 (298) 510, 538 shb (0.46)
14 Solid (298) 415b, 628c (1.85)

Solid (77) 414b, 618c

CH2Cl2 (298) 447, 601b (0.47)
15 Solid (298) 405, 602b (1.28)

Solid (77) 586b

CH2Cl2 (298) 409, 577b (0.71)

a From Ref. [38].
b Excitation wavelength, 350 nm.
c Excitation wavelength, 450 nm.
d Crystalline non-ground samples were used for the measurements.

Table 6
The metal–metal distances for copper(I) and silver(I) chalcogenides

Complex M–M distance (Å) Reference

16 2.869(1), 3.128(1) [29]
17 2.908(4), 3.271(4) [34]
18 3.038(2), 3.160(2) [35]
19 3.055(2), 3.222(2) [35]
20 3.071(1), 3.357(1) [35]

Fig. 8. Solid state emission spectra of complexes 18–20 at room temperature.
Excitation wavelength, 350 nm.

Fig. 7. Solid state emission spectra of complexes 16 and 17 at room tem-
perature. Excitation wavelength, 350 nm.

the plane of the Cu4 core and inevitably pushes the Cu atoms
further apart in complex 12.

The electronic absorption spectra of complexes 16–20 dis-
play a high-energy absorption shoulder at approximately 260
nm, attributable to intraligand transition of the dppm ligand,
and low-energy absorptions in the 330–450 nm region

(Table 2). On excitation of the complexes at l)350 nm, an
intense green to orange emission is observed. The emission
spectra are shown in Figs. 7 and 8. The photophysical data
are summarized in Table 7. On the basis of the good s-
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Table 7
Photophysical data for copper(I) and silver(I) chalcogenides a

Complex Medium (T K) lem nm (t0 ms)

16 Solid (298) 579 (3.6"0.1)
Solid (77) 606
MeCN (298) 618 (7.8"0.2)
Me2CO (298) 622 (8.1"0.2)

17 Solid (298) 595 (3.9"0.2)
Solid (77) 619
MeCN (298) 622 (6.9"0.2)
Me2CO (298) 626 (7.1"0.2)

18 Solid (298) 516 (1.0"0.1)
Solid (77) 536
MeCN (298) 628 (1.5"0.2)
Me2CO (298) 628 (1.2"0.1)

19 Solid (298) 527 (0.9"0.1)
Solid (77) 552
MeCN (298) 572 (3.4"0.3)
Me2CO (298) 570 (1.3"0.1)

20 Solid (298) 574 (3.1"0.2)
Solid (77) 588
MeCN (298) 626 (3.3"0.3)
Me2CO (298) 615 (1.4"0.1)

a From Refs. [29,34,35].

donating ability of the chalcogenide ion, the transitions prob-
ably originate predominantly from an LMCT (E2y™M4)
triplet excited state, perhaps with mixing of a metal-centred
(d–s/d–p) state. The energies of the solid state luminescence
follow the order 16)17 and 18)19)20, in line with the
changes in the ionization potentials of the chalcogens, and
hence the s -donating effect of the chalcogenide ions. A com-
parison of the emission energies of the Cu(I) complexes with
their Ag(I) analogues also reveals the trend 16-18 and
17-19, again in line with the LMCT assignment. Molecular
orbital calculation results [84,85] also reveal a chalcogenide-
based HOMO, with some contribution from the metal centres,
and an essentially metal-localized LUMO, confirming
the assignment of the excited state as an admixture of LMCT
(E2y™M4) and metal-centred (d–s/d–p) states
[29,34,35].

The phosphorescence of complexes 16–20 has been found
to be quenched by a number of pyridinium acceptors via an
oxidative electron transfer mechanism. The excited state
reduction potentials estimated from quenching experiments
using a series of structurally related quenchers are collected
in Table 4. The electron transfer nature of the reactions has
been confirmed by transient absorption spectroscopy. The
transient absorption difference spectra of the reaction of com-
plex 16 with pyridinium acceptors show absorption bands at
approximately 400 and 690 nm. The former is the character-
istic absorption of the pyridinyl radical. The latter is probably
a result of the mixed-valence CuICuICuICuII species and is
attributed to an IT transition.
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[71] J. Diéz, M.P. Gamasa, J. Gimeno, A. Aguirre, S. Garcı́a-Granda,

Organometallics 10 (1991) 380.
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