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Abstract

A number of chalcogenido and alkynyl clusters of coppertl} and silver(1} with various
nuclearities have been synthesized and characterized. All these clusters have been found to
possess rich photophysical and photochemical properties. The phosphorescent stutes of the
complexes have been shown to undergo facile photo-induced oxidative electron-transfer
quenching reactions with a series of pyridinium accepiors. mdicative of their highly reducing
nature in the excited states. The lowest Iving excited states of the ciusters have been assigned
to be en admixture of ligand-to-metal charge-transfer (LMCT ) and metal-centred {d-s)
transitions. which have aiso been supported by Fenske-Hull and ab initie molecular orbital
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caleulations. The excited state properties of these clusters have also been probed by nanosecond
iaser flash photolysis studies. © 1998 Elsevier Science S.A.

Kevwords: Copperth): Silver(1): Chalcogenide: Acetviide
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I. Introduction

Polynuclear d1° metal complexes dispiay intriguing structural diversity and vari-
able molecular structures. Metal complexes of a d!? electronic configuration have
commonly encouiitered coordinaticn numbers varying from two to four and are
accompanied by a variety of geometries. Most mononuclear copper{]) complexes

four-coordinated with a tetrahedral geometry, and those of silver(l) and gold{1}
being two-coordinated and linear. Polynuclear metal complexes of this kind can
have greater complexity owing to the increased number of metal centres and the
presence of different bridging ligands. An 1mere<€mg aspect of these polynuclear
d' meial complexes is the common observation of short metal-metal distances
present in these clusters. Theoretically, in the absence of metal (n-+1)s and 1+ 1)p
functions. the interaction between the closed-shell d!® metal centres would be
expected to be repulsive in nature. However. configuration mixing of the filled nd-
orbitals with the empty orbitals derived from higher energy (n+1}s and {(n+1}p
atomic orbitals converts this repulsion into a slight attraction between the metal
centres, giving rise to a weak metal-metal bonding mteraction [1-81.

On the other hand, inorganic photochemisiry has entered a niew era since the rich
photophysicat and photochemical proaperties of [Ru(bpy),]* " and its analogues have
been revealed [9-15]. The idea of metal-metal bond establishment in the excited
state of the d*-d® complex [Pto(POP),*~ [16] has also stimulated the interest on
the photochemisiry of related polynuclear d!° species. In addition 1o the diverse
structural characteristics of polynuciear d'” metal complexes. their interesting photo-
physical and photochemical properties have alse attracted increasing attention
recently [17-86]. A number of luminescent polynuclear d'° metal complexes have
beei reported to derive their emissions from pure metal-centred d-s or d—p excited
states originating from the weak metal-metal interactions [17-20.22 33-
35.41.43.44,65-68.71.72.75.76,80.82]. As an electron is promoted from an anti-
bonding do* to a bonding so or po orbital. the bond order between the d1% metal
centres has been suggested to increase in the excited state. leading to a contraction
of the meta! core in the clusters [22]. However. in the presence of bridging and or
ancillary ligands. the nature of the excited states of polynuclear 4% metat complexes
becomes more complicated and the involvement of such ligand contributions in the
frontier orb.tals cannot be neglected [n accord. a number of luminescent polvnucieur
d'? metal complexes have been suggesied to emit from an excited state other than
that of a pure metal-centred origin. Examples include those of [Cu i (py),] [22.24-
371 [Mgmic)k] (M=Cu Ag: mitc” =dis-propylmonothiocarbamate) [22.23] and
[Hg (SPhi(PPh; )~ [36], which are thou kit to eoriginate from metal cluster-
centred d-s/XLCT or d-s/LMCT mixed states. In some other systems, the donating
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and/or accepting orbitals hav
{38.39.47.49.69,70.73,741.
As an on-going effort into the mvestipation of luminescent properues of polvnu-
clear d'” metal complexes [43-64], we believe that with the unusual siereochemisiry
and the highlv fiexible bonding ¢b racteristics of the chalcogenides and seetviides,
design of pelynuclear transition metal clusters with hgands of this type can b
realized, and an exploration mto the spectroscopic and photophysical behaviour of
ahese classes of soluble palynuclesr d1% metal chalco oge enide and acetvlide complexes
would represent a chalienging area of research. Despit
metal chalcogenide clusters [87] and organometaliic ag ,
containing short metal-metal contacts [88-921 are kﬂ{}wn in the hierature. the
photophysics and photochemistry of related species i
In view of this. a number of chalcogenido und all
silver{1} with varicus nuclearities have been synthes:
paper, studies will be focused on a series of tetranu

igned to possess significant ligand character
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complexes with ;‘zj—bréd”ine haleogenides, [Culf ;_‘—d {
), [Cuslp-dipmido-53 7 {3 [Agslu-dppmiadps-EB Y ; 5
dppm:bis(dipheﬂ}ép}msphmoibmunanc_ dipm = Mis{bis( 4—“183%"4 viphend sphos-

phino}methane!. and as an exiension of our recent wiork on di-,

copp@“d) acetylide complexes [55-38.64-62]. a retranuc
(uy-n'n-C=C)P (7Y and wwo hexanuclear Phisfu-dp
i=Cu

C H - C=CopyMytpu-dppm):l* ~ acetvlide complexes [M
be described. The structures of the complexes are ilustrated in Sc¢h
CEu%’ s have %3 >N feufad 10 pa sess rich photophysical and photochemical
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Scheme b Structures of compleves 109
2.2 Svathesis of polviclear copperi {) and silveri Iy complexes
All reactions were carried out under anaerobic and anhvdrous conditions using

standard Schienk techmiques. The melal complexes 1-9 were prepared according to
procedures reported previously [50-54,50 641,
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2.3 Phyvsical measurements and instrimenielion

UV-vis specira were obtained on a Hewlett Packard HPR432 4 diode array spectro-
photometer, IR speetra as Mujol mulls on a Bio-Rad FT5-7 Fourler-transform
infrared spectrophotomater (4000-400cm '), Raman specita on a Bio-Rad
FT-Raman spectrometer with the 1664 nm hne of a Md:YAG laser as the excitation
source and steady-state excitation and emission spectra on a Spex Fluorciog-2 111
spectrofluorometer. Low-temperature (77 K} specira were ref;@rded by using
au optical Pewar sample holder. Emission hfctime mezasurements were performed
using a conventional laser system. The excuation source was the 355 nm output
{third harmonic) of a Quanta-Ray Q-switched GCR-150 puised Nd:YAG laser.
Luminescence decay signals were recoided on a Tekironix mode! TDE 8204 digital
oscilloscope, and anafvzed using a program for exponential fits. All solutions for
photaphysical studies were pmpurcd under vacuum in a 10-cm” round beitom fask
equinped with a side-arm 1-cm fluorescence cuvetle and sealed from the atmospheare
by a Kontes quick-release Teflon stopper. Solutions were rigorously degassed with
no tewer than four freeze-pump-thaw cycles.

Time-resolved tr dmien ‘jbm*pho*x spe mmcopy uaﬂ p raor*ned u-;i*}g ihe :’» :1 am

laser as the excitation s(}uzuk with hﬂ mm m;mg light ‘ns:*;ma m:mr :.Pd ﬂ(}m a
250 W guartz-tungsten-halogen lamp pfaped perpendic ]gil to the excitation beam
The output of the c;u&rzz—‘tnr,g te.“s haiﬁge lamp was wavelength selected by pe ‘zssin
through two monochromators (Orie] 77250, 1 8 metre ané 7300, 1 4?\1“1 £} m
transient absorption signals were detsﬁs by a Mamamatsy R928 phetomultiplie
tube and amplified using a Tektronix AMS0 i igitt
a Tektronix model TDS 620A digi a ?SCR}EG‘:COV interfaced to an IBM-compatible
personal computer for data acquisition and analysis, The trunsient 2 b:@rpzi{m diﬁ‘er«
ence spectra were generated using 1b; poini-is i
transter {bet) rate consiants (&} were obmﬁ
of a plot of the reciprocal of i‘mor%mnﬁ chang i
transient signal with &y, ={Ae}bm where A¢ ! the extincton coctficient difference
between products and reasctants at the monitored wavelengih and & is the pathlength
of the cell.

;_j me.

24 Afolecular arbisd

Non-paramete
model cemp‘:e‘“: (A
in terms of the or
and E. ;hh noT-

e

43 .f‘a ami ,~—H TD be



)
38}

FOWWAW Fam et ol - Coordination Chemistry Reviews I71 (79987 17 44§

0.95 A) and idealized to ,, point group. The relative positions of four silver atoms
were adjusted to form a rectangle. The basis sets used were those provided with the
Fenske-Hall program package (version 5.1). All caiculations were carried out on a
VAX 780 computer at The University of Hong Kong.

On the other hand, ab initio molecular orbital calculations were performed on
an IBM9076 computer using the GAMESS packayge [94]. Similarly, in order to
simplify the calculations, the molecules were idealized to C,, symmetry and all the
phenyl groups were replaced with hydrogen atoms. The model complex..
[Agyp-H,PCH,PH,) {u~E)* " [E=S(4a}, Se(5a) and Te({a)] were calculated on
the RHF/3-21G level. The 11 wvalence-glectron quasi-relativistic (QR) peeudo-
potentials of Hav and Wadt {951iur P.C. Ap. S Se and Te were employed. In order
to check the validity of the RHF/3-21G camwiulauvin, oo have alzs onvrind avt an
MP2 calculation for the [Ag,(us-8)1°" core on a jarger double-{ valence basis set,
(3s3p)/[2s2p] for S and (8s6pdd}/[3s3p2d] for Ag. The symmetry orders and com-
positions of the frontier orbitals for both basis sets were found to be similar.

3. Resuits and discussion
3.1 Copper(i) and siiver( I} chaleogenides

The chalcogenido complexes 1-6 were prepared from the reactions of
[Cu(p-Ar,PCH,PAr )(CH,CN P [Ar=Ph {(dppm). C.H,~Me-p (dipm)] or
[Ag,{u-dppm),]* " and sodium sulphide, lithium selenide or sodium telluride in a
mixture of acetone/methanc! {50-541, all of which gave satistactory elemental analy-
ses and were well characterized by various spectroscopic techniques. The structures
of which have also been esiablished by X-ray crysiallography.

In general, all these tetranuclear chalcogenido copper(l) and silver{l) clusters
adopt a similar molecular structure, with the four metal centres arranged in a
distorted rectangular array and bridged by an unsubstituted i ~chajcogenido ligand.
Such a bonding mode of the chalcogenide has been observed in complexes of other
transition metals [87). However, the occurrence with copper{l) and silver(l) is
extraordinarily rare. The four diphosphine ligands are arranged in a manner such
that two of them opposite to each other are located above the M, plane while the
remaining two below i, The M- .-M distances (Table | ) observed in these tetranuclear
copper{l) and silver(l) complexes are in the ranges of 2.869{1} to 3.271{4} A and
3.038(2) to 3.357(1) A, respectively. The «..---Cu distances in complex 1 are slightly
shorter than those found in complex 2 owing to the increased size of the chalcogenide
hgand. A similar increase in Ag---Ag distances has been observed for the silver{I)
seriés upon going from the sulphido to the selenide and to the tellurido complex.

3.1.1 Electronic absorption and emission spectroscopy

All the tetranuclear copper(I) and silver(l) chalcogenide clusters are soluble in
common organic solvents to give orange-yellow solutions. The electronic absorption
spectral data for these complexes are lisied in Table 2. In general, the electronic
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Table 1

Metal-metal distances for copper(l and silvert 1y chajcogenides and acetvlides

Conmplex M- M distance (A) Reference
1 IRO9C1). 3128(1, [501
2 2O0R(H. 327104 [51}
3 JO35(2. 30442, {531
4 303 2602 1521
5 IOSM2) 3220 [32]
& 207001 2AST(D) [s2]
7 3.245¢2) 32600 159}
8 2R62(2). 2.885( 1), 1.243(1) {64}
9 IO 36301 33384 {at]
Table 2

Electroniv absorption spectral data for conplexes § 9

Complex oum e, dntmol T an T
[Culi-dppm)yn -8 PF, (1) 265 sh (4] 400). 283 sh (3445040
{Cug{p-dppm)yy,-Seift PFL1. (2) 267 sh (420760

[Cuytp-dipin (-5 PF ), (3 272 sho(49 643). 562 sho(4175) 430 sh (9303°
Ag(p-dppmi g, -SOT), 14 236 sh (91 745y 400 sh (37)°

IAe (p-dppm) (u,-Se)(OTH), {5 256 sh (53 CA02 sh {14450

[Ag (u-dppm), (4, -TeHOTT ) (6) 254 sh (67 973). 440 sh (14754
[Cus{p-dppm)dp,-nton™-CmC i BE . o7 62 (62 5800, 374 sh (69007

(Cus(uedppm )= -C 0 C C L, © O 260 sh (R3 190 294 <h {33 050y 370 sk (16900,
Cuslp-dppm) i BEF ), (4 IO0 (25150 dle (24 000
[Agstu-dppmylpy-n'-Co C-CH, O O IRK shoe RS FROL 324 14 0000 3G 8RO
Agdp-dppmi HBF ), (%) B4 (1e 3700

* From Refs. [50-53.59.64}
B n MeCUN at 208 K.
S in CHLCL, at 298 K.

absorption specira of these ciusiers in acetonitrile at 298 K reveal
absorption shoulder at ca. 240-260 nm with an extinction coeflicient ,
of 10*°dm?* mel“'em ™l and a lower energy absorption iail in the 350-450 nm
region. The high-enersy  absorption band is assigned as an  intrz-lgand
I {phosphine} transition.

Excitation of these ietranuclear 4'” metal chalcogenido clusters in the solid siate
and in fluid solutions with 4> 350 nm results in intense long-lived orange lumines-
cence for the copper{l) complexes and green to orange emissicns for the silver(l)
analogues [50-54). The photophysical data for these complexes are suminarized in
Table 3. The room-temperature sclid-state enussion spectra of complexes 1-2 and
4-6 are depicted in Figs. 1 and 2. respectively.

The emission lifetimes in the microsecond range suggest that the emissions are
assoctated with a spin-forbidden transition. The emission energies of all the clusters
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Table 3

Photophysical data for complexes

100

Coordination Chemistry Reviews F71 (1998 17 41

Complex Medium (7 K) Gy O AT Hs)
i Sohd {2983 ST79(3.6+0.1)
Sohd (77) 6006
MeCMN (2618 6i8(7.8+0.2)
Me,C0 (29 022{8.1 +0.2)
2 Solid (2981 35(3.9+0.2)
Solid {77y 619
MeCUN (29R8) 622(6.94-0.2)
M, CO (298) 626 (7.1 +0.3)
3 Sohd 129%) 404 (3.5+0.3)
Solid 1773 658
MMeCOM 1298) 20 (7.7 0.4
Nie, 0 (298} 632¢8.840.4)
4 Solid (298 S16¢10+0.1)
Solid (77 536
MeCN (293 6815407,
Me 00 (298 628¢(1.2+0.1)
5 Sohd (208) ST (0901
Solid 177) 552
MeUN (298 ST2{34+-0.3)
Me. 0O (298) T340
G Solid 1298 TR 1400
Sohd (77} 588
MeC ™ (298 626 (32 +0.3)
Mo, 00 (208) OIS(1A+0.1)
7 Solid {298 S09 (9.8 4+0.9)
Solid (77 359
MM (208 P29 0
Mo, 0 (298 32161
23 Solid (298) ERRERANE TS I N
Solid {77) a2
CHLOL (298 S0 {40+ 2
PUORE MeOHi (v B 7T 579
g Solid 1 298) SRR RA

Selid (773
CHLOE 1299
EAOTE MeOH (v 1+ 113(77)

* From Refs. {30 33,56, 641

in the solid staie are significantly higher than those in
have aiso been observed in other luminescent copper{{}and silver{ijclus

uid solutions. Similar findings

ters [22.231.

The origin of these emissions does not appear to be derived from an excited state
of pure d-s origin modified by metai-metal interactions. Upon going from sulphido
to selenido tetranuclear copper{l). and fron sulphide to selenido and to tellurido

silver(1}. the metal-metal distances mcrease graduaily. Ana elongation of M-~ M
distance wou d predict a blue shift in the emission energies owing to the mcuasmg
separation of the d-s HOMO-LUMO energy gap. However. such a trend is not
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Normalized Emission Intensity

Fig. 1. Solid-state emission spectra of complexes 1 (

wavelength at 350 nm.

¥
600
Wavelength / nm

yand 2 (- - -) af room temperaiure. Lxcitation

Normalized Emission Intensity

400 500 600 TOO &0
wWavelength / nm
S ---band &40 - ) al room temperature,

Fig. 2. Solid-state emission specira of complenes 4

Excitutien wavelengih at 3530 nm.

observed and the assignment of a pure d-s metal-centred excited state resulting from

metal-metal interactions is therefore not favoured.

The involvement of the diphosphine ligand orbitals in the nature of the lowest-
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lying excited state has been considered. The comparatively low emission energies of
all the complexes eliminate an intra-ligand 1L (phosphine) excited state. Besides. the
ohservation of a very similar emission energy for [Cup-dppm)fu;-SHIPF (1)
and its dtpm analogue [Cu,fu-dipm)iu,-SPF.), (3) [53] also excludes the possi-
bilities of an emission origin to be derived from etther & metal-to-ligand charge-
transfer MLCT (M,—phosphine} or a ligand-to-ligand charge~transfer LLCT
(E*~ —phosphine) transition. The presence of electron-donating methyl groups on
the dipm ligand would destabilize its w* orbital. thereby increase the MLCT
{Cu,—phosphine) or LLCT (E*~ —phosphine) transition energy. However, such an
increase In emission energy is not observed and the solid-state emission energy for
[Cufp-dppmi(py-SHY(PE,); 1s even higher than that of the dtpm counterpart. sug-
gesting that the w* of the diphosphine s not likely to be the acceptor orbital
Moreaver. copper{ ]} is much more easily oxidized than sidver{i}. given the higher
energy of the Cu(l) 3d orbitals relative to those of the Ag(l) 4d omudls The
ionization energy of Ag (2} (173.20x 10 cm 1) [96] s almost 10 cm ~ ! larger than
thai for Cu(g) (163.67x 107 em ') [971 The observation that the tetranuclear
copper(1) and silver{1) compiexes with the same chaicogenido higand (i.e. T and 4.
Z and 8) emit at fairly similar energies with a blue shift of only ca. 0.27 €V from Cu
to Ag does not appear to be compatubie with a metal-to-ligand charge-transfer
excited state assignment.

{n view of the o-donating capability of chalcogenides. the transitions associated
with the emissions of these copper{l) and silver{1) clusters are assigned to originate

predominantly from a ligand-to-metal charge-transfer LMCT (E27 =M, triplet
excited state, and probably with mixing of a metakcentred MC (d-s or d-p) state
of Cul{lyor Ag{}). Similar assignments have also been suggested in other luminescent
polynuclear thiolato—copper(i)y [22.23.85] silver{l) [22.23]. gold¢i) [42.44
77.78.83.841 and mercurv{il) [36] complexes. The excited states of a number of
polynuclear d'” metal complexes containing halides [22.24-32] and acetylides [55-
04] as bridging ligands have also been suggested to originate trom a similar
LMOT/MC mixed state.

The solid-state emission energies of the clusters at 298 K follow the orders:

FASTOnm) > 2 (59

i
pe

and £ (316 nmy>5 (527 nmi> 6 (574 nm)

This 15 in line with the changes in the tonization potentials of the chalcogens [98].
and imphes that the donor orbital would bear a high parentage of chaicogenide
character. it is also interesting to note that the ionization energies of atomic copper
and silver are similar (6.232x 10 and 6.111 x 16" cm ™1, respectively) [99]. wiih
copper{ 1} bemng shghtly easter to reduce than sitver{!}. which also agrees well with
the observation that the emission of the silver(l) tetramer occurs at a higher energy
than the corresponding copper(l) analogue with the same chalcogentdo ligand.
Although similar emission energy trends were not observed for the complexes in
fluid solutions, it is unlikely that decomposition or structural changes have occurred,
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as evidenced by positive-ton electrospray ionization-mass specirometry { ESI-MS)
and NMR spectroscopic data.

3.1.2. Molecular orbital calculations

The electronic structures of many polynuclear d'° systems have been focused on
with considerable attention [1-8,26,40]. Mot only are the bonding pictures in these
systems interesting, but also insights into the electronic transitions as well as the
nature of the excited states could be provided with the help of molecular orbital
calculations [26,40]. In order to seek further information on the nature of the excited
states of these coinage meta! chalcogenide clusters, Fenske-Hail [190] and ab inizie
[161] molecular orbital calculations have been performed on the silver{l) series.

The compositions of the frontier molecular orbitals for the three model complexes
d4a-6a from the Fenske-Hall molecalar orbital calculations are summarized in
Table 4. The calculation results reveal that the three highest occupied molecular
orbitals are mainly of Ag--E bonding character {beiween the 4d orbitails of the four
silver{I) centres and the 3p. 4p and 5p orbitals of 8, Se and Te, respectively), while
the LUMOs of all these clusters are almost metal-localized. The calculated
HOMO-LUMO energy zaps of [Agp-H.PCH,PH ) (u-E ) decrease from 4a 1o
6z, which is in line with the trend observed in the solid-state funmunescent energies
of the tetranuclear sﬂver{i} clusters. The frontier molecular orbital energy diagrams
of d4a-Ga are shown in Fig. 3.

In additton. similar results have also been obtained from the ab fmirio studies
representative summary of the energy levels and mmﬂox;txons of the frontier oz‘bﬂ als
of da from oh iaitic MO studies are listed in Table 5. These resulis suggest that the
transitions associaied with the emissions of the sitver(1) clusters originate essentially
tfrom a ligand-to-metai charge-transfer LMCT (E°7 — Ag,) excited state. with mixing
of a metal-cenired MC (d-—sru—-—p} sitver{ 1) state. 4b fririo molecular orbital calcula-
tions have also been carried out on 4 tetranuclear cuprous iodide compiex
TCu,ldpyhy and the lowest-energyv excited state has also been found to be an
admixture of metal-centred and halide-to-metal charge-ransfer parentages [261

Table 4
Eoereies and per cent compesitions for the Trooter aibiaks o
frenshe Finft MO siwdies?

P e HLPOHLPTE o B0 from

Comples Nolecutar bBperay L JAp SHLPOILDPEH
orbitai ey [AF 1t (A
FEE FUMO 650y . Ui 54
HOMUO adiby 412 ERAEL
ii=5e LEMAG 63 a0 0an GG A2
HOMO 640b)) it R
fo=="Te LUTAMO 856z 0.0 96, 3
HOMO 64bp) 164 EERTY

* Drate taken from Refl [
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Fig. 3. Moleculur orbita] energy dingrams shosving the frontier moleculiar orbrials of complexes du-6a
from Fenshe--Hall miolecular orbital caleutations.

3.1.3. Electrocheniical properties

The elecirochemisiry of complexes 1-6 in MeCN (0.1 mol dm ™ "Bu,NPF,} was
studied. The cyclic voltammograms showed ill-defined irreversible oxidation waves
while no reduction waves were detected within the acetonitrile solveni window. The
electrochemical data are summarized in Table 6.

3.1.4 Photo-redox reactivities

The phospnorescent states of the copper(!) clusters have been found to be
guenched by pyridinium acceptors [50,51]. In order to gain more understanding
mto the photo-redox behaviour of these complexes, a study of electron-transier
guenching of the phosphorescent states of 1 and 2 by a series of pyridinium accepiors
of variable reduction potentials has been carried out. Excited-state reduction poten-
tials E7[Cul*?"*] of —1.71(10} and ~1.55(10)V for 1 and Z. respectively. vs
saturated sodium chloride calomel electrode (S8CE) have been estimated by three-



V.W.-W. Yam et al. ' Coordinaiion Chemistry Reviews §71 ¢ 1998} 1741 29

Table 5
Energy levels and  atomic  contribution  for ihe  {rontier melecular  orbials  of
[Agn-FLLPCH,PH,(1,-53F 7 (da) from ab iniiio MO studies®

MO E(eV) Composition Orbital
description
Ag 5 H,PCH. P,
4d 58 Sp 3s 3p, 3p, 3p. {total)
i7a, ~1348 166 13 2. 0 b 0 1) 794 Agd)
20b, —1285 148 21 123 0 G gL 0 319 olAg-5}
(HOMO-2)
23a, -12.81 1846 05 ol 130 O S0 1840 a{Ag-5)
{HOMOG-1)
20b, —12.04 212 2.0 5.3 4] MO0 G 40.5 a{Ag-5}
{HOMO)
2da, —3.61 0.8 479 i57 0 G 0 0.3 351 Ag ()
(LUMO)
* Draty taken from Rel {1071
Table 6
Electrochemical data for complexes 1-6°
Complex Oxadavon £, (Vivs Fom o Te
i +0.27
~ 1.5
+1.39
z ~ {3124
1.05
-+ 1.24
3 1329
— .84
-~ 1.20
1 38
4 = {333
~ (82
- 1.63
= - {134
-7
-~ 187
Iy S E I
- i B0
-1

4 Working

cirode, glassy carbon: scan rate 1

parameter, non-linear least-sguares fits 1o the eguation

(RTIF)in iy =(RT/F) In Kiv—(4 401 +H{AGAF

where k; is the rate constant corrected for diffusional eﬁ ects, K=Fk,k_,; which i
approximately 1-2 dm’ mel "' &, is 3‘ diffusion-limited rate constant which is
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taken to be 1.0 x 16'° dm® mol 7' s 7%, k is the transmission coefficient, v is the nuclear
frequency, / is the recrganization energy for electron-transfer and AG is the standard
free energy change of the reaction. A reorganization energy of 1.12(10)eV and a
RTInKxv of 0.61(10}) V vs, SSCE have been obtained for 2.

A plot of In &, vs E(A*/) for the cxidative electron-transfer quenching of 2* by
pyridinium acceptors is shown in Fig. 4. The close agreement between the theoretical
curve and the experimental data suggests that the mechanism of the photo-reactions
is outer-sphere electron-transfer in nature. [t is envisaged that both 1 and 2 are
strongly reducing in the excited state in view of their highly negative excited-state
reduction potentials.

in order to gain more direct speciroscopic evidence into the mechanism of the
photo-reactions between these luminesceni clusters and pyridinium acceptors, a
nanosecond transient absorption spsctroscopic study has been carried out {53]. The
transient absorption difference spectrum of the laser flash photolysis of a degassed
acetone solution of 1 {({.27 mM ) and 4-{methoxycarbonyi }-N-methylpyridinium hex-
afluorophosphate (7.93 mM ) is shown in Fig. 5. A sharp absorption band is observed
at ca. 390 nm, concomitant with the growth of a lower intensity band at ca. 484 nm
and a broad absorption band at ca. 693 nm with a larger extinction coefficient. The
high-energy absorption band at ca. 390 nm is characteristic of the pyridiny! radical
and matches very well with the reported spectrum of the 4-(methoxycarbonyl }-N-
methylpyridinyl radical {102]. The reaction mechanism is likely to be:

hn

24

[Cu(u-dppm){p,-8)]7 % [Cup-dppm)y{p,-S)]

COOCH,
. N k, ) .
[Cugdu-dppm)i{u,-S)] + !+,J — [Cudp-dppm)(p,-S1] "+
e
|

The 484 nm absorption band and the much lower-energy broad band at ca. 693 nm
which are not characteristic of the pyridiny! radical, are likely to arise as a result of
the oxidized form of the copper{l) cluster, [Cu'Cu'Cu'Cu(p-dppm), (-SSP .
Although the ligand-field (d-d) transitions for the copper{Il) metal cenire in an
unsymmetric environment can occur at such a low-energy region [103], such an
assignment for both the 484 and 693 nm absorption bands in the transient absorption
difference specirum is not favoured, given that the extinction coefficients for the
bands are estimated to be 1200 and 6700 dm®mol ~! cm ™!, respectively, assuming
that both [Cu(p-dppm)(1,-S)P T and [Cu,y(p-dppm),(j1,-S)P* do not have signifi-
cant absorption at ca. 390 nm. Another possible assignment is the ligand-to-metal
charge-transfer LMCT [82~ - Cu(I1)] absorption which is commonly suggssted in
many mixed-valence copper(LIL) thiolate [ 104107} and copper(11) thiosther com-
plexes [108,109] to occur at ca. 400-500 nm. However, such an assignment for the
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broad absorption band at 693 nm is unhkely in view of its occurrence at such a low-

energy region.
A more probable assignment for the absorptic  is the intervalence-iransfer {1T)
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fransition:
ColCu'CulCu® + v - C?Cu'Cul'Cut ™

There have been a number of intervalence-transfer transitions reported in a variety
of mixed-valence copper{LIl) systems. For example, the 756 nm absorption band
(e =5000 dm® mol “*em ™) of a dinuclear complex [Cu'CuL¥ " with a macrocyclic
ligand L=N(CH,CH,N=C-C=NCH,CH,);N has been assigned as an inter-
valence-transfer transition [110]. A similar assignment has also been suggested in
cther mixed-valence Cu{1)Cu(I1) systems with thiolato-[111], halo- {1127 and N,G-
containing macrocyclic igands [113,114].

Besides, similar transient absorption difference spectra have also been observed
for the photo-induced electron-transfer reactions between 1% and 4-(aminoformyl }-
N-methylpyridinium, and 2* and 4-(methoxycarbonyl }-N-methylpyridinium, as well
as 4d-(aminoformyl }-N-methylpynidinium, respectively. There are no significant
differences between the spectra of the suiphido- and selenido—copper(1) complexes
except that the 480 nm band is less intense for the latter. The broad and intense
absorption at 685 nm in the difference spectrum for the reaction between 2* and
4-(methoxycarbonyl }-A-methylpyridinium is alsc assigned as the absorption of the
mixed-valence Cu'CulCu'Cul species. The occurrence of this absorption band at
siilar energy compared with that of the sulphido analogue (693 nm) further sup-
ports that these absorption bands are not due to LMCT transitions, as a much
lower energy absorption would be expected for the selenido analogue. Instead, an
assigniment of intervalence-transfer transition appears t¢ be more possible for these
low-energy absorption bands.

For 3, similar photo-induced glectron-transfer reactions with different pyridinium
acceptors have also been found to occur. In general, all the transient absorption
difference spectra are very similar to those of the dppm analogue 1. indicative of
relatively little participation of the bridging phosphine ligand in the absorption
characteristics of the transient species.

Similar low-energy transient bsm‘pti(}n bands for the mixed-valence copper
species have also been observed in the photo-induced electron-transier reactions
between a series of trinuclear aik}rnﬂwﬂp& I} compiexes and vanious pyridinium
acceptors [56,37.62], Intervalence-transfer transitions have also been suggested for
the near-infrared absorptions ohserved in tE ese sysiems with nanosecond transient
absorption spectroscopy

The transient absorption signals are found 1o decay with time. A plot of {1/44)
Vs time yi@lds a straight line. indicating that the decays follow second-order kinetics,
attributable to the back-electron-transfer reaction:

COOCH, COOCH,

i z(hi“ eyl S
[Cuu-dppmifu-$)]"'+ i\_%i e [ Cufp-dopmy{,-S17177+ 555
! -
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A back-glectron-transfer rate constant kg, of 9.7 < 10° dm* mol "' s7! 15 deter-

mined based on the decay of the intervalence-transfer absorption. This value agrees
well with that obtained from the pyridinyl radical decay trace.

In conclusion, characteristic pyridinyl radical zbsorptions have been « Mers ed n

all transient abs Grptxon dnﬁ"erf*nce apectm and thereiore Eha. glect wﬂ-tm; fer nature

f

o]
]
i~
LD
o]
ke }
S~
ooy ¥
S’
s
o g
i‘.i
)
L Q
1]
(4]
E
=N
o
A
-
&
L
oD
%
o
)
jov]
S
PN
g
e
“3
o
jn
S"}*
o
N
g
oy
?
]
™t
O
=4
™
¢
52
":$
o
D
@
c:::
o
hat
1)
[ 8

The highly r.‘ducmg capabilities of the excited states of those ccp; er H} d i s have
aiso been demonstrated,

3.2. Copperi I} and silver{ {} acetviide complexes

As an extension of our recent work on di-, tri- and tetranuclear copper{i) and
silvert(l} acetvlide complexes {55-641. attermpts have been made to synthesize lumi-
nescent rigid-rod oligomers based on the rriangulo-M; building Ex cks }‘} an axa:ﬂwpe
to build higher oligomers emploving a trinuclear wsn':pa:mf; acei
[Cus(u-dppma{us-n'-C=C-8ilMe, ;" as the precursor comp
reaction of the binuclear complex [Cu{p-dppmjyi MeCN 11
in the presence of "Buli in THF afforded a novel
[Cusp-dppmifus-nt n>-C=C17" (7} in moderate viel
hand, reaction of [Cuyu-dppmi(MeCMNP" or [Ag.iu- dﬂ LA
with 1.4-diethynylbenzene in the presence of "Buli imn
respective diyne-br%dged hexanuclear  copper{l} and Sﬁikcsxi}
[Cus{p-dppm)s{ps-n-C=C-C H,~C=CpjCu{p-dppmil BF )
[Agsfu-dppmls{us-n »CAC—C H; ~C—{f—p§ g2 { -dppm: i BEF o
contains two triangular MY units linked viz an mu:m. o conjugais
{641, Ali these alkynyl cmmgeze:, have been characte
various spectroscopic methods. Their X-ray crystal
determined.

Complex 7 shows a crystailographic C. symmetry, with the fo
arranged in a distorted rectanguiar array and the four p-dppm Bgands
of the four Cu-Cu ﬁﬂméb in a saddle-like arrangement. Unlike

the chalcogen atom 15 nrojected above the M, plang oc
rectangular-based p}mm:é. the C=C it in

the rectangular Cu, plane. with a U= bond ”iiu_ifi\“. of |
to note that é%’:e Cu---Cu distances i comp

cor *Lphﬁ es i- a"“nc‘* is unuﬁ.r%zmd able on the

amms further a;‘arf
Waals radii for m;me:‘ i: 5 A} g‘i Ei}x
action between the four copper aloms.
represents the first example of
with tetranuclear copper{iy
The complex cation of Be
a dppm ligand bridging each

i
-
T
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interior angles of the Cu, triangles ranging from 5531(3) to 68.71(3) . The two
Cu;Pg cores are bridged by a 1.4-diethynylbenzene unit to form a dumb-bell shaped
structure. The Cu---Cu distances {2.862(2)-3.243(1) A] are comparable to those
found m other related copper(l) acetylide systems {55,57.116-118], suggestive of
verv weak to no Cu--—-Cu interactions. The bridging mode of the pj-acetylides is
asymmetric. The observed C=C distance [1.223(9) A] and the linearity of the
acetylide groups indicate a typical C=C bond, characteristic of metal-aceivlide ©
bonding. A similar bonding mode has been found in the related trinuclear copper(1)
acetylide complexes [55,57]. The complex cation of 9 is isostructural io § except the
six copper atoms are replaced by silver atoms. The Ag---Ag distances {ail within the
range of 3.079(1) 1o 3.338(1) A and the interior angles of the Ag, triangles range
from 56.46(4) 10 64.65(4) . The asymmetric bonding mode of the alkyny! group
[d(C=CY 1.24(2) A} is also similar to that observed for 8.

{t is interesting to note that the v{C=C) stretch appeared as a strong band in the
sohd-state FT-Raman spectra of 7. 8§ and © a1 1788, 1953 and 2015 cm ™', respectively.
The lower W{C={) streiching frequency observed in 7 is in line with the longer
C={ bond associaied with n-bonding interactions with the copper atoms.

221 Elctronic absorption and eniission speciroscopy

The elewtronic absorption data of complexes 7-9 are summarized in Table 2. The
electronic absorption specirum of 7 shows an absorption band at ca 262 nm in
MeCN, attributable to the imra-ligand transition of dppm since free dppm also
absorbs strongly in this region. The low-energy absorption at ca. 374 nm is likely
o arise from a {C=C)y " —Cu,] LMCT transition, given the good o-donating
ability of the {C=C )~ unit. On the other hand. it 18 interesting to note that the
absorption speciral patterns of solution samples of 8 and 9 are very similar {( Fig. 6}.
The strong absorptions 1 the UV region at ca. 258--324 nm are 1entatively assigned
as iigand-localized transitions. Longer wavelength absorptions appear as vibronically
structured bands at cg. 370-416 nm for 8 and ca. 324--264 nm for & in CH.CL. The
vibrational progressional spacings of ca. 1475-1500cm ' are typical of s'(i =}
stretching modes of the aromatic ring n the excited state.

Upon excitation of complex 7 at 2> 350 nm at reom temperaiure, intense green
and gres ms%meﬁw emissions are observed in the sold state and in fluid sclutions,
respectively. The fong excited-siate lifetimes observed at room temperature in both
the sohd state and in Huid solutions. together with the large Stokes” shift susgest
that the emission 15 most hikely associated with a spin-forbidden ircmmnov of triplet

parentage. The photophysical data Q' 7 are collected in Table 3. With the good
a-donating ability of the {CEC 7 unit. it is likely that the ongm of the low-energy
emission would be dominated b} an acety né -to-copper charge-iransfer LMOT

Cy o~ —Cuyl excite d state and probably mixed with a metal-centred d-s excited
state [55-62.64].
On the other hand. exciiation of a solid sample of complex 8 at 2> 350 nm ai
both 298 and 77 K produces intense yellow-orange luminescence, The room-temper-
ature solid-state emission spectrum hm&* an intense and vibronically structured
band at ce. 583 nm with progressional spacings of ca. 15001520 cm ™', characteristic

fa
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of the aromatic v{C=C} stretch. Upon cocling to 77 K.

weh

he strpctured emission

bands become betier resolved. Similar amission b&ncﬁs are also observed in fluid
sclutions. Excitation of a solid sample of 9 at 2> 350 nm at both 298 and 77 K gives

intense greenish-vellow luminescence. The solid-state emission spectra at both tem-
peratures also show an intense xlbmmcaﬁy structured band at ca. 513 nm. The solid-
state emission spectra of 8 and 9 at room tempersiure are shown in Fig. 7. The
excitation spectra of both 8 and 9 show vibronically structured bands at ca
360420 nm and 320-362 nm. respectively. which coincide with those of their respec-
tive absorption specira. The photophysical data of 8 and 9 are summarized in Table 3
It is interesiing to note that both the absorpiion and emission bands of 8 ocour
at lgwef energy than those of 9. A possible assignment for the origin of the emission
involves emissive states derived from liga 3(5 G metal charge-transier {LMCOT } trans-
i‘zien mixed with d-s characier. The blue shifl in tue 77 K solid-state smission energy
of cq. 0.28 eV from 8 10 9 is comparable w L%u% value of .31 eV reporeed for the
related hexanuclear copper(!) and siver{]) thmsa hamate clusiers, [Cugfmic),] and
[Agdmicy] (mtc” =di-n-propyvhmonothiocarbamate), where an origin of mixed
LMCT and d-»>s character has been suggested [22.253]. Besides, a similar blue shift
in ermission energy {ca. 0.27 eV} on going from copper{l) to silver fé ; chalcogenido
clusiers 1 to 4 and 2 1o 5 has also been observed, in which a mized LMCT/d-s
origin has also been suggested and supporied by molecular orbiisl calculations [30-
54,100,101 1. The long lifetime of the emissive states of § and % in the microsecond
range i suggestive of 2 triplet parentage. However, the possibility of the involvement
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of an intra-ligand excited state of 1 4-diethyvnyibenzene should not be vverlooked
given the unusvally long lifetime of the emissive state and the low-iying 7% orbital
energy of the diyny! unit. The excited states of luminescent polynuciear d'° systems
may be strongly influenced by the ligands. The emitling states of many polynuclear
d'® complexes have been suggested to possess intra-ligand character
[38,39,47 40, 69,70,73.74]. Therefore, it is likely that the low-energy emission for 8
and 9 is derived from staies of ligand-to-metal charge-transfer LMCT
{acetylide—Cuy or Ag,) parentage mixed with a metal-centred MC (Cu,; or Agy)
d-s state, and probably with substantial intra-ligand H.{acetylide} n-n* character.

3.2.2. Photo-redox properties

The phosphorescent state of complex 7 has been found 0 be guenched by a
number of pyridinium acceptors (Table 7). A plot of Ink, vs E(A™%) for the
oxidative electron-trarsfer quenchmg of 7* by a series of structurally retated pyridin-
e acceptors is shown in Fig. 8. The triplet state energies of pyridiniuin ions are
too high for any appreciable energy transfer reaction between the excited siate of
the complex and the quenchers to occur. This, {ogether with the close agreement
between the theoretical curve and the experimental daia, suggests that the mechanism
of the photo-reactions is outer-sphere electron-transfer in nature. An excited-state
reduction potential EJCui™?**] of —1.77V vs 8SCE {(4=1.39eV, RTlukgv=

0.58 V vs. 88CE} has been estimated for 7 through the oxidative guenching studies,
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Table 7
Rate constants for the guenching of 7 by pyridinium  accepiors in  degassed acetone
{0.1 mol dm ™ "Bu,NPF,.) at 298 K*

Quencher? E(AY % (V) vs SSCE kg {dmt mol "FsTI
3.4-Dicyano-N-methyipyridinium —-{0.11 4.05 > 10°
2-Chloro-/¥-methyi-3-nitropyridinium ~-0.37 7.78 x 10°
4.Cyano-N-methylpyridinium —0.67 523 x 10°
4-Methoxycarbonyl-N-methylpyridinium -0.78 2.59 % 10°
4-Aminoformyi- N-ethyipyridinium -0.93 G.17 % 107
3-Aminoformyl- N-methylpyridinium —1.14 9.56 %10
N-Ethylpyridinium —1.2¢ IRRESIS
4-Methyl-N-methylpyrdinium —1.49 1.47 %< 10°

* Data taken from Ref [59].

® All the compounds are hexafluorophosphate salts except 3.4-dicvano-N-methyipyvridinium and 2-chloro-
N-methyl-3-nitropyridinium which are tetraflunroborate salts.

¢ AQ is the rate constant corrected for diffusionul effects.
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Fig. 8. Plotofln ki, : E{A " ") for the oxidative clectron-transfer quenching of 7% by pyridinjum acceptors
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This indicates the strong reducing power of the tetranuciear copper(l} acetylide
complex in the escited sirta.

The electron-transfer nature of these quenching reactions was further supported
by nanosecond transient absorption spectroscopy. Similar to our previous studies
on the photo-induced electron-transfer reactions betwesn a series of tmmc;ear
copper(l) acetylide complexes and various pyridinium a c&i‘ﬁ@ 5 [56,57,62], the
iransient absorption difference spectrum generated from the laser fash ph ewiysis
of a degassed acetone solution (0.0 moldm™* "BuNPF.) of complex 7 and
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4-(nethoxycarbenyl }-N-methylpyridinium is dominated by a high-energy band at
¢ 390 nm and a much broader band near the near-infrared region. The 390 nm
band is characteristic of pyridiny! radicals and matches well with the literature
reported spectrum of the reduced radical of 4-(methoxycarbonyl }-N-methylpyridin-
tum [ 1021, while the broad intense band near the near-infrared region is characteristic
of the intervalence-transfer (IT) transition in polynuclear copper acetylide clusters
[56,57,621.

4. Concluding remarks

This paper summarized our recent effor's on the studies of polynuclear copper{!)
and silver{1} chusicrs with chalcogenides ind acetyiides as bridging ligands. Very
often, complexes of this kind exhibit unigue and intriguing photoluminescent proper-
ties. It is anticipated that the tetranuclear and hexanuclear d1° clusters described in
this paper may be utilized as building biocks in the formation of higher nuclearity
luminescent materials with desirable physical and chemical propertics.
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