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A b s t r a c t  

A n u m b e r  o}" c h a t c o g e n f d o  a n d  alk',/ny] c lus te r s  o f  c o p p e r { i )  and  silver{ I ) wi th  va r i ous  
nuc lea r i t i e s  h a v e  been  s y n t h e s i z e d  a n d  c h a r a c t e r i z e d .  All  these  ctus~,ers h a v e  been  ~bund to  
pos se s s  rich p h o t o p h y s i c a l  a n d  p h o t o c h e m i c a l  p rope r t i e s .  T h e  p h o s p h o r e s c e n t  sm~es o f  t h e  
c o m p l e x e s  h a v e  been  s h o w n  to  u n d e r g o  faci le  p h o t o - i n d u c e d  o x i d a t i v e  e{ect ron<rar~sfer  
q u e n c h i n g  r e a c t i o n s  wi th  a ser ies  o f  p y r i d i m u m  accep~ors ,  ind ica : i~e  o f  the i r  h igh iy  r e d u c i n g  
n a t u r e  in t he  exc i t ed  s ta tes .  T h e  iowes l  ly ing exef fed  s t a t e s  o f  t h e  c t a smrs  h a v e  been  assiga~ed 
to  be  an a d m i x t u r e  o f  t i gand -*o -mma!  c h a r g e - , r a n s f e r  ( L M C T }  and  m e t a l - c e n t r e d  {d-s} 
t r a n s i t i o n s ,  w h i c h  h a v e  a lso  b e e n  s u p p o r t e d  by  _Fenske---Hatl a n d  ab i ,  ifi(, m o l e c u t a r  o rb i t a l  
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caIculations. The excited state properties of these cluslers have also been probed by nanosecond 
laser flash pholoi3,sis studies. '~ 1998 Elsevier Science S,A_ 

b2er~-ords': Copper( I ): Silver{ I ); ChMcogenide: Acetvlide 

t. Introduction 

Polynuciear d 1° metal complexes display intriguing structural diversity and vari- 
able molecular structures. Metal complexes of  a dl°  electronic configuratior~ have 
commonly  encountered coordinat ion numbers varying from two to four and are 
accompanied by a variety of  geometries. Most mononuclear  copper{ I } complexes 
are four-coordinated with a tetrahedral geometry,  and those of  silver( [ ) and go!d( t ) 
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 o f  different bridging ligands. An interesting aspect of  these poiynuclear 
d ~° metal complexes is the commol~ observation of  short meta l -metal  distances 
present in these clusters. Ttleoretically, in the absence of  metal {n + 1 )s and 0 : 5  l )p 
functions, the interaction between tb.e closed-sheil d 1~ metal centres would be 
expected ~o be repulsive in nature. However,  configuration mixing of  the filled ~d- 
orbitals with the empty orbitats derived from higher energy 0 , +  1 )s and 0,.-I- I }p 
atomic orbitals converts this repulsio~ imo a slight attraction between the metal 
cemres, giving rise to a weak metal -metal  bonding interaction [! 8]. 

On the other hand, inorganic photochemisiry has entered a new era since ~he rich 
photophysicat  and photochemical  pr",perties of  [Rut  bpy)s] 2÷ and its analogues have 
been revealed [9-151. The idea of  meta l -metal  bond establishment in the excited 
state of  the dS--d ~ complex [Pt , (POPlai  4~ [16] has also stimulated the imerest on 
the photochemistry of related polyJmclear d~° species. In addition to the diver.~;e 
structural characteristics of  polynuclear d ~o metal ce'nplexes. ~.heir interesting photo~ 
physical and photochemical  properties have atso at tracted increasing at tention 
recently [ t7 -86] .  A number  of  luminescent polynucIear d ~'~ metal complexes have 
bee~,~ reported to derive their emissions from pare metal-centred d-s  or d--p excited 
states originating from the weak metal metal interac.zions [17---20.22 3 ~,~ 
35.41.43.44,65-68.71.72.75.76,80.82].  As an electron is promoted from an anti- 
bonding d~* to a bonding s~ or pcy orbital, ~he bond order between the d l °  metal 
centres has been suggested to increase m the excited state, leading to a contraction 
of  the metal core in the clusters [22]. However.  in the presence of  bridging and o r  
ancil!ary iigands, the ~amre of  tile excited s~ates of  polynuc!ear d ~'~'* me(at complexes 
becomes, :,~ore complicated and the involvement o f  such iigand contr ibut ions L'~ the 
:'rontier orb:'.als cannot  be neglected [n accord, a number  of Iuminescem polynuclear 
d :° metal comp!exes have bee~_ sugges~:ed to emit from an exci*ed sta~_e other than 
t!aat o f  a pure metal-.centred origin. Examples include those o f  [Cu,.'[a(pyial [22.24- 
32], [Mdmtc)c,t l M = Cu. Ag: mtc-- = di-n-pl : ,pylmonothiocarbamate} I22.23! and 
[Hg4(SPh)~,lPPh3}4] 2~ [36], which are thoui.l~t to o,-igi~aate fYom melal c!usl.er- 
c{ntred d - s / X L C T  or d - s / L M C T  mixed stale.,-. [n some other  sys~erns, the donating 



and/or  accepting orbitals  have been assigned to possess signfficam ligand character  
[38.39.47.49.69, 70, 73,74]. 

As an on-going effort into lhe inves~.igatk>n of  luminescen~ properties of  pc.-bnu- 
clear d ~' metal  complexes [43-64].  we believe thai wi~.h ihe u!lt.,~stza] stereochernistry 
and the highly flexible bonding ch rac*eris~ics of  the chaicoge~ides and acetyiides. 
design of" polynuclear  transit ion metal clus*ers with Hga~~ds of  this type cai~ be 
realized, and an explorat ion into the spectroscopic a~d photophysica!  behaviour  of  
these classes of  soluble polynuclear  d ~° metal  chalcogeo, ide and acetytide complexes 
would represent a challenging area o f  research. Despi~e a large ,~umber of  t r a ~ i t i o n  
metal  chalcogenide clusters [87] and organometal i ic  aggregates of  d ~':' m¢lai cent,:es 
containing short  me ta l -me ta l  con*acts [88 92] are known i:~ the lherature, the 
photophysics  and photochemis t ry  of  related species remah~< relatixeP,.' unexplored. 
in view of  this. a number  of  chatc<>genido m~d aBCvnyl ciuster.-. ,.A cop~.'er(I ) and 
s i lver( i )  with various nucleari~ies have been synihesized and ch,eracter{zed. In this 
paper,  studies will be focused on a series of  tetranuc!ear  coppeNl  ) and siiver(I } 
complexes wid~ a :b r idgh~g  d~alcogenides. [.Cua{k:-dpp~.7~)a{fa<-[{ )]:- [E = S  {~i }. Se 

, . * '  ~ , , , , L  . . ,  ( 4 } .  : ~ e  ) ,  ~ e .  (2)],[Cua(w.dtpn]ja(u4-S)] e- (a).[Aaa(tt-d|)om).a(p.a-E!] z- , " = q  :" (5 ~ {6); 
d p p m  = bis(diphenylphosphino)metha~.e:  d~pm = t-is[bi.~{.4-n~.eti@phen) i }phos- 
ph ino]methane l ,  and as an e,:;,c.qsion o f o , : r  recent ,:,~ :k ~"--:. di-. ~ri- ar.,d ~e'.,-~'a~uciear 
copper<I)  acetyiide complexes [55 58.6Q-62]. a tctrap, t:clear !Cu~(k>dpprn):  
(bta_tq~ll2C:~_C _)]2- (7) a~d two hexanuclear [M~(p-dppna}:~i!.;-~l~-C -- C 
C~H4.-C=C-p)M?,(l~-dppm)~] a-  acety~ide comp]exes [M =Cc~ {8). Ag (9'}] wi]! atso 
be described. The st:-uctures of  the con)plexes are illustrated m Scheme 1..AH ~hese 
clusters b.ave been found to possess rich phomphys ica i  and photochemical  propert ies 
[50-54.59.64].  Besides. they have also bee~. *~und t~ .,nderg*.~ fz<de p, ho~,o-induced 
electron-lransfer  reactions with a serie., o f  pyr;dinip.m a-zcep:ores mdica~,r,e of  ~,~',eh 
highly reducing nature  in the excited states. The lo',:~esi i)ing exched .-ta~e~ of tl~.e 
clusters have been assigned to be an adrnix~u:e ~i  Iigand-to-mezai ci-=arge-~.ra~sfor 
( L M C T )  and metal-centred (d-s)  ~,ransitior>. w!qch have also beeu ~t{p~,'o="~ed b~ 
Kenske Hall and eel> e~Ag:o molecular  orbi~ai caicu]a~ion,, i--urtbcrnv~rc, d~e c~c~'~.cd 
sta*e propert ies  of  these eiusaer:~ i~a~e ~As',~ bee~_ probed bx ~,~m~se,:o~'~d {a.,e~ fl~sb 
photolysis  studies. 

2, Experimep-~al section 

2. :. .lIogeri~:L', 

Ail solsents were purified ,:..~.d di,vi!ied u>hlg ~;~r;da;'d pr,-~ced~:.:e> ~;ef~re us, e. 
Orga;.~[c q~:e.qchers for Stets. Volmer quenchh;g e:<it, cri~:.enL, ¢:'.,~d ~r:~1~sivnt absorp-  
tion spectroscopic mea>uremen> were puri{ied by Tecr>s~aiiiz'~T;~ ~>'. ice .~si~g s:,.a~-~dard 
procedures.  
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8: M = Ca;  P"P = dppm 

9: M = Ag; P~P = dppm 

4+ 

7: P > =  dppm 

.~cc.cme t Y;',rLacmres of cc.mp!e\e~ ! 9. 

':' Srnghe.',;L,; o~ po[yA~t(  ~em" coi-eper( I )  a r id  sit','e.'.'; ]1 co, ,~pie.ve: ,  

All  r e a c t i o n s  w e r e  c a r r i e d  o u t  u n d e r  a n a e r o b i c  a n d  a~q~yd~'oas c o n d i t i o n s  u s ing  

svai~dard Scla]enk t e c h n i q u e s .  T h e  m e t a l  complexe_<; 1 - 9  w e r e  p~-epa~'ed a c c o r d i n g  ~o 

p r o c e d u r e s  r e p o r t e d  p r e v i o u s l y  [ 5 0 - 5 4 . 5 9 . 6 4 ] .  
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2.3. Phrsica[ nwasuretnenm a~;d instrtmaenta~io~t 

UV-vis  spectra  were ob~,ained on a Hewleu  Packa rd  H P g 4 5 2 A  diode a r ray  spectro- 
pho tomete r ,  ~R spectra  as Nu]ol  mulls on a B io -Rad  FTS-7 Vourier-transi%rm 
infrared s p e c t r o p h o t o m c t e r  (4000 4 0 0 c m  *). R a m a ~  spectra cn a B io -Rad  
F T - R a m a n  spec t rometer  with the 1064 nm line o f  a N d : Y A G  laser as d~e exci tal ion 
source and s teady-s ta te  exci tat ion and  emission spectra on a Spex N u o r o l o g - 2  i I l  
spec t rof luorometer .  L o w - t e m p e r a t u r e  j77 K} specwa were recorded  by., using 
an opt ical  D e w a r  sample  holder.  Emission lifetime measuremen t s  were per formed 
using a corlvent ionat  laser system. The  exci tat ion source was the 355 nm output, 
{third h a r m o n i c )  of" a Q u a n l a - R a y  Q-swi tched G C R - ~ 3 0  p u b e d  N d . Y A G  ~aser. 
Luminescence  decay  signals were recorded  on a Tektronix  mode!  T D S  620A digital 
osci l loscope,  and  ana lyzed  using a p rog ra m  R:r exponent ia l  fits. Ait so!ut lons for 
pho tophys ica l  studies were p repared  under  vacuum in a i0-cm s round  boa.tom flask 
~_qm, ~ . e a  .... ' with a s ide-arm l -cm fluorescence cuvet te  and sealed f rom the . . . . .  ,-~" - a t r r t o s ~ J  ! ~ 1  e 

by a K o m e s  quick-release Teflon s topper .  Solut ions  ,,,,:ere r igorously  @gassed  with 
no fewer than four  f r e e z c - p u m p - ' & a w  cycles. 

Time-resolved t ransient  abso rp t i on  spec t roscopy  ~aas perfora ted  using the 355 nm 
ou tpu t  t~hird harmonic~  o f  a Quan~a-Ray  Q-s~vitched G C R - !  50 puised N d : Y A G  
laser as ~he excitat ion source,  wilh ~.he m m : i t o r m g  Jigh~ beam genera ted  f rom a 
250 W q u a r t z - t u n g s t e n - h a l o g e n  ' a m p  placed perpendicu la r  to the exci tat ion beam. 
"T'i  , ne out.put o f  the quar~.z - tu r :gs ten-ha[ogen  !amp was ",a aveiength selected by passing 

/,s_t0. ! 8 me~re and 77200. I~4 me'creL The  t h r o u g h  two m o n o c h r o m a m r s  tOrie] - " ' ;  
s c , ,  ~ ,  -, . . . . . .  -,, R 9 " ~ 8  . m m i e n ~  abso rp t ion  signals ~}ere ue t : c t ed  by a , .a~.,m~a,s . . . .  pho~ :omuki r i e r  

tube  and  amplified using a Tek'~ronix ,,~,~.,,.~* 502 differential amplifier,  and dighized o~ 
a Tekt ronix  model  T D S  620A digi{M oscil loscope,  interfaced to an [SM-compa~dbie 
persona l  c o m p u t e r  lbr  data  acquisi i io~ and  analysis.  The  {Rmsient abso rp t ion  differ~ 
ence s p e c u a  were genera ted  using the p o i m - t o - p o i n t  method .  The  back-e]ecIron-  
t~ans~,.r (bet t  rate cor.~stants tk~,:.} were ob*ained f rom a kr~owJedge o f  the slope {t~:} 
el a plot  of' the reciprocal  o f  ~bsorbance  change  ~t A.4} vers~s ~ime ~1 ,o. the 
transim~t signat v, ith k~,~={Ae),%~n ~a.here Ae i~ ~i~e cxtinctic, p. coe@ciem dS~brep.ce 
bet,.~een p roduc l s  a~d r e a c m m s  :,_t ihe mo_nitored wav~%~'~k~ ..e-~ and h i< ';he pad~ie~gth 
o f  the ceil. 

2.4 3.lol~'Ndar ",hh'~d cab t~/a~i:m s. 

Nonoparamcte r ized  Fc,~d,c l le, i~ M O  calcu!a~ions [93] ~sere carr ied ou t  on the 
!:~u-_4.u-~,,J ,_f..:,: j.<~,~,p.~o~]2-- [E---.S t4a~, Se {Sa} and Te ~6a}] 

in ~erms o c the orbital  interacZions between me  !'ragmerm~ [AgAg-}IzPCHePHe)a] - ' -  
and E. 'This no~>parameter ized model  is ba.~ed o~ u se!f-consister~Nmld mefl~od 
• " k k L  is ,,u a p p r o x i m a t i o n  o f  the HaH,,'ee- VeeR- Roo{haa:~. procedure .  Ti~e moiecuaa.~- 

. • " :~ermi:e  the eigen- . " . _ ~ ~ a . . a J { ; A  s geomet ry  ai%d the a~omic Dasls se~s used co~Ipietelv d ~ -~,,-,," i~ ~, 
values and eigenveciors,  The  geomet ry  o f  each c o m F D x  was ~aken directiy f rom that  
c rysmi lographica i ly  de te rmined  for cornu'~-exes 4 - 6  [52] wkh  h y d r o g e n  a~_oms replac.- 
ing ~he phenyl  g roups  on d~e d p p m  ligmk~ { P - H  taken {o be i.41 A and  C- H to be 
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0.95 .;k) and idealized to C,~ point group. The relative positions of Ibur silver atoms 
were adjusted to form a rectangle. The basis sets used were those provided with the 
Fenske-Hatt program package (version 5.1 ). All calculations were carried out on a 
VAX 780 computer at The University of Hong K ong. 

On the other hand, ab mitio molecular orbital calculations were performed on 
an iBM9076 computer using the GAMESS package [94]. Similarly, in order to 
simplify the calculations, the molecules were idealized to Cz~ symmetry a~O all tl:e 
phenyl groups were replaced with hydrogen atoms. The model complex,.:; 
[Ag~(Ia-H2PCHzPH2)4(bt4-E)] 2. [E=S(4aL Se(Sa) and Te0;'a)] were calculated on 
the RHF/3-21G level. The I1 valence-electron quasi-reiatlvistic (QR) pseudo- 
potentials of Hay arid Wadt [95! igr P. C. Ag. S, Se and Te were employed. In order 
to check the validity of the RHF/3-21G• ca;,~.~,iat~, . . . .  ,.~ ka,,~ .~.~.~ . . . . . . .  ~ ,:'r!ed .... , * . ..... 
MP2 calculation for the [Aga(~t4-S)] z+ core on a larger double-~ valence basis set, 
(3s3p)/[2s2pl for S and (Ss6p4d)/[3s3p2d] for Ag. The symmetry orders and com- 
positions of the frontier orbitals for both basis sets were found to be similar. 

3. Results and discussion 

3.L Copper(i) and suv.r(~) chalcogenides 

The chalcogenido complexes 1-6 were prepared from the reactions of 
[Cu2(bt-Ar,.PCH2PAr2)2ICH3CN)2] a~ [ A r - P h  (dppm). C¢,H4-Me- p (dtpm)] or 
[Ag2(g-dppm),] 2+ and sodium sulphide, iithium selenide or sodium telluride its_ a 
mixture of aceto~e/methano! [50-54], a!l of which gave satisfactory elemental analy- 
ses and were well characterized by various spectroscopic techniques. The structures 
of which have also been established by X-ray crystallography. 

In general, all these tetranuclear chalcogenido copper(I) and silver(1) clusters 
adopt a similar molecular structure, with the lobar metal centres arranged in a 
distorted rectartgu!ar array and bridged by an unsubstituted ~t4-chalcogenido ligand. 
Such a bonding mode of the chalcogenide has been observed in complexes of other 
transitio~ metals [87]. However, t1-Je occurrence with copper(I) and silver(It is 
ex!raordinarily rare. The four diphosphine ligands are arranged irx a mannex such 
that two of them opposite to each other are located above the M4 plane while the 
remaining two below ii. The M..-M distances (Table [ ) observed in these tetranuc!ear 
copper(I) and silver(l) complexes are in the ranges of 2.869(i) to 3,27! (4)~at and 
3.038(2) to 3.357(1 ) A, respectively. The w~-.-Cu distances in complex 1 are slightly 
shorter than those found in complex 2 owing to the increased size of the chalcogenide 
tigand. A si:nilar increase m Ag..-Ag distances has been observed for the silver(I) 
series upon going from tb, e su!phido to the selenido and to the tei!urido complex. 

3.1.1, E!eett'onic absorpgion at~d emission spectroscopy 
All the tetranuciear copper(I) and silver(I) chalcogenide ct~sters are soluble h~ 

common organic soIvents to give orange-yellow solutions. The electronic absorption 
spectral data for these complexes are listed in Table 2. In general, the electronic 
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C o , n p k x  M . - M  d i s t ance  ( AI Reference 

1 2.:q69( I t. 3 .128(I  j [50] 
2 2 . 9 0 g ( 4 t .  3.271(4 I [5t ] 
3 2 .955{2< 3 . i 4 4 (2  ~ [53] 
4 3 .035(2) .  3 . i60{2  i [521 
5 3 .o55(2) .  3 .222(2)  [52] 
6 3 .071( i~ .  33 57 (1 }  [52] 
7 3.245( 2 h 3.264(21 [59j 
8 2.g02{2}. 2.$85{ ! ). 3.2431 I ) [64] 
9 3.{}79( t L 3.1rn3(i }. 3.338{ 1 } ta~ I 

-fa b le 2 
Electronic absorp* ion  .~pectra[ dat , ,  +,or com p lex es  i 9 

C O t ] I D ! e K  /. l l [ l ]  t n~.* 

[Cua(p-dppm}J,~t~-Sl]( Pt:,,!2 ( ! } 

[Cudl-~-dlpm i~(~h-S }]{ PF,, t :  ~3 
[Ag4(,u-dppm]4( [~4-S 1]( O T f  }2 ~ 4) 
[Agd~-dppmh{b t4 -Se} ] (OTf  }a { g t 
[Aga(' ,a-dppmla(~L./ge~]lOTf }e ( 6 } 
[(_'ua(p.-dpplnla{~.l i-~]~.1]:-C ~-C )1[ B[:.I~- 17) 
[C:13(~1-dp[3111}3(~13-~]~-(" (" C¢,}la Q" ( " / ' )  
( ' u J  {t-di)pmlJ{ BFaL, ( 8 } 
[Ag~(b~-dppm_}~(B3-~]<C : C C,,[I~ C (up}  
Ag.~l ~l-dppm t J{ BF414 ( 9 } 

2&; sh (41 49(!). 285 d" (3o. 650~ ~, 
262 s!~. { 42 (~'Tfl i ~" 
272 sh (49 645}. "~62 sh ~4i :5}.  431) sh (q3(;) b 
246 sh {91 745L 400 ~h (970} u 

256 sb (53 9851. 402 :%1 ~ l-g15 } h 
254 sh (67 075 t. 440 sh ( 1475 t u 
262 (62 5Sty). 374 sh ( (,91.~.)~ b 
260 ~h ~8~ V-}{}). 2qd ~;h ~,44 050~.. ;70 ~h (16 900). 

39, ~; ( 2"~ 150 k 41 (~ ( 24 (,0(} t ~ 
258 J~ ~55 }go I. ~2.4 I !4 (100 ~. 34f} t ;4 6!<(} i. 
364 ( i~ 37.01' 

F r o m  l{efs. [50 53.59.04] .  
b h~ M e C N  al _ ~S K. 

h~ ('|I2C]_~ at 298 K. 

absorpt ion spectra of" these cius*.ers in acetonitriie at 298 K reveal a high-energy 
absorpt ion shoulder a~ ca. 240-2o0  am with m~ e~tinctio~ c o e ~ c i e m  in the order 
o f  104 dm 3 m o t - 1  c m -  l and a lower energy absorption, tail ir~ the 350-450  nm 
region. The high-energy absorption bared is assigned as an intra-ligand 
IL( phosphine) transition. 

Excitation o f  these aetraauc]ear d ~¢: metal chaicogenido  clus{ers ira the solid stale 
and in fluid solut ions with 2 > 3 5 0  nm resuks in imense  long-lived orange lumines- 
cence for the copper ( I }  complexes  and green to orange emiss ions  for the silver(ill 
analogues  [50-54] .  The photophysicat  data for these complexes  are summarized in 
Table 3. The room-temperature  solid-state emiss ion spectra o f  compiexes  1 -2  and 
4 - 6  are depicted in Figs. 1 a~d 2, respectively. 

The emiss ion lifetimes in the microsecond range suggest tha* *he emiss ions  are 
associated with a spin-lk~rbidden transition. The emiss ion energies o f  all the clusters 
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Table 3 
Pholophysical data tbr complexes ~- 9" 

Comp!ex  Medium ~7 K ) 2,m nm Ir,,.lts} 

i Solid (298} 579 ( 3 . 6 k 0 .  I ) 
Soiid( 77 } 606 
MeCN t298~ 618 {7.8-+0.2) 
Me,,(.'() {2%') (~22 {8.1 + 0 . 2 :  

2 Solid f 2~,~S) 595 13.9 4.0.2) 
Solid { 77) 619 
MeCN r29,~) 622 q6.9±0.21 
Me,CO {29S) 626 17.1 ±0.2) 

3 Solid ! 298 ) q04 ( 3.5 _+_0.3) 
S,flld ~, 77 ) 658 
MeCN f298) 620 { 7.7 :it;.4) 
MceCO ~ 298 } 622 ( 8.8 J 0.4 } 

4 Solid{298} 516{t ,0~0,11 
Solid 177 j 536 
M e t N  1298) 6~8 ~ 1.5£(t.2) 
Me_,((}  1298i 628 { 1.2 ~-0.1 ) 

5 Solid ( 298 } 527 (i~.9 f: 0. I } 
Solid ~ 771 552 
MeCN 129S1 5"72 i3 .4+0.?)  
Me,CO (298 t 57{) ( 1.3 : t0.l  ) 

6 Solid ', 2981 ~74 {3.1 -~(].2 ) 
Solid ( 77 } 58,"; 
MeC\; (298) 626 ( 3 3 ! 0 . 3 }  
Me,C(] {29S) 615 t 1.4+_0.1 ) 

7 Solid { 29S t 509 ! 9.8 >~ 0.9 ) 
.SolM t 77) 55t 
Me('N (298} 5~I~ t2 9zt}.3] 
Me, ( ' ( }  ( 29,v'. ) 562 I t6 i I } 

g Solid 129g ) 583 ,. 22! + 1{~ *, 
SolM { 77} 5N2 
CtIzCI, ( 29,~ ) 590 i40_+21 
~ It)}! Mc(Y}J t: ~ 4:11i77} 579 

9 Solid I2-G~ 513 ~3~,1 i: !I)i 
SolM (77} 515 
CI | , ( ' [ ,  {298) 515 (426± 15~, 
l t O I t  McO}] Ix ,. 4:1)(77} 5LO 

:' From Refs. [50 53.59,64t. 

in t h e  so l i d  sla~e a r e  s i g n i f i c a n ! i y  h i g h e r  t h a n  t h o s e  in f lu id  s o l u t i o n s .  S i m i l a r  f i n d i n g s  

h a v e  a ] so  b e e n  o b s e r v e d  m o t h e r  l u m i n e s c e n t  c o p p e r {  I ) a:~.d s i lver{  ] } d u s t e r s  [22 .231 .  

T h e  or igh~  o f  t h e s e  emiss io ,~s  d o e s  n o t  a p p e a r  t o  b e  d e r i v e d  f r o m  a n  e x c i t e d  s t a l e  

o f  p u r e  d- s o r i g i n  m o d i f i e d  by  m e t a l -  m e t a l  i n t e r a c t i o ~ s .  U p o n  g o i n g  f r o m  s u t p h i d o  

to  s e l e n i d o  t e W a n u c l e a r  c o p p e r ( l  }, a n d  fi°om s u l p h i d o  t o  s e l e n i d o  a n d  t o  t e l l u r i d o  

s i l v e r ( ~ ) ,  t h e  m e t a l - m e t a l  d i s t a n c e s  m c r e a s e  g r a d u a l l y .  Av~ e l o n g a t i o n  o f  M - . , M  

d i s t a n c e  w o u l d  p r e d i c t  a b l u e  s h i f t  in  t h e  e m i s s i o n  e n e r g i e s  o w i n g  to  t h e  i n c r e a s i n g  

s e p a r a t i o n  o f  t h e  d - s  H O M O - L U M O  e n e r g y  g a p .  H o w e v e r .  s u c h  a t r e n d  is n o t  
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observed and the assignment o f  a pure d--s metat-ccmred excited state resuRi~g from 
metal-metal  interac:ions is therefore not favoured. 

The involvement of  the diphosphine ligand orbitais i:~ t'~le nature of  the iowest- 
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lying excited sta,e has been considered. The comparatively low emission energies of 
all the compiexes eliminate a31 intra-ligand I L{ phosphine} excited state. Beside~. the 
obser;ation of  a very similar emission energy for [Cu4(.u-dppm)a('c:S)]{PF~j2 (1} 
and its dtpm analogue [Cu4(la-dtpm)~{g4-S }]( PF02 (3) [53] also excludes the possi- 
bilities of an emission origin to be derived from either a metal-to-ligand charge- 
transfer MLCT (M4-+phosphine} or a ligand-to-ligand charge-transfer LLCT 
(E 2- +phosphine) transition. The presence of  electron-donating methyl groups on 
the dtpm ligand would destabilize its ~* orbital, thereby increase the MLCT 
(Cu:~phosphine} or LLCT (E 2- --,phosphine) transition energy. However, such an 
increase in emission energy is not observed and the solid-state emission energy for 
[Cu,(~a-dppm)a(M:S }](PF,),. is even higher than that of the dtpm counterpart, sug- 
gesting that the re* of lhe diphosphine is 1-tot likely to be the acceptor orbital, 
Moreover, copper( 1 } is much more easily oxidized than stlver{ t }o given the higher 
energy of the Cu( l )  3d orbitals relative to *hose of  the Ag{t} 4d orbitals. The 
ionization energy of Ag *(g) ( 173.30 x i05 cm ~) [96] is almost l 0  4 c m  I larger than 
that for Cu+(g) t !63 .67x103cm ~) [97]. The observation tl;at the tetranuclear 
copper(!} and silver(I) complexes with the same chaicogenido iigand {i.e. i and 4. 
2 and 5) emit at fairly similar energies with a blue shift of only ca. 0.27 eV from Cu 
to Ag does not appear to be compatible with a metaMo-iigand charge-transfer 
excited state assignment. 

In view of the ~-donating capability of" chaicogenides. ~he transitions associated 
with the emissions of  these copper{ t i and silver( I } clusters are assigned to originate 
predominantly frorn a !igandqo-metat charge-transfer LMCT (Ea----+Ma) triplet 
excited state, m~d probably with mixing of a metabcentred MC (d s or d p} state 
of Cu( ! ) or Ag( 1 ). Similar assignrpents have also been suggested in other luminesce~i 
potynuclear thiolato copper{I) t ...... :,~.85], s i lver ( f ) [22 .23] ,  gold, i)[42.,'4...,. 
77,78.83.841 a:~d mercury(i i)  [36] complexes. The excited states of a number of 
potynuclear d ~0 metal complexes containing halides [22,2-,t,-32] and ace@ides [55 
64] as bridging tigands have also beer~ suggested to origma',e t?om a similar 
LMCT/MC mixed state. 

The solid-state emission ei~.e;'gies of the clusters at 298 K |ollow the orders: 

: (579 n m ) > 2  (595 nm): 

and 4 (5t6 m~?}>5 (527 nm)>6  {574 n.m) 

This is in line witl~ the changes in the ionization potentials of the cha!cogens [98], 
at~d implies lhai the donor orbitat would bear a high parentage of  chalcogenide 
character, it is also interesting ~o t!ote that tl~e ionization mlergies of atomic copper 
and silver are similar (6,232 x l0 ~' and 6.111 x 1O~cm -~, respectively) {99], with 
copper{ 1) being slightly easier to reduce than silver{ l ), which also agrees welt wilh 
the observations_ tb_at the emission of the silver{ l ) tetramer occurs at a higher energy 
than the corresponding copper( i } analogue with the same chalcogemdo iigand. 

Although similar emission energy trends were not observed for the complexes in 
fluid so!utions, i1 is unlikety that decomposition or strt,ctural changes have occurred, 
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as evidenced by positive-ion electrospray ionization-mass spectrometry (ESI-MS)  
and N M R  spectroscopic data. 

3.1.2. MoIecMar o;'bita! calculations 

The electronic structures of many polynuclear d ~o systems have been lbcused on 
with considerable attention [ 1-8,26,40]. Not  only are the bonding pictures in these 
systems interesting, but also insights into the electronic transitions as well as the 
nature o f  the excited states could be provided with the help o f  molecular orbital 
calculations [26,40]. In order to seek further information on the nature o f  the excited 
states of  these coinage metal chalcogenido clusters, Fenske-Haii  [ !00] and oh bUHo 

[ 101 ] molecular orbital calculations have been performed on the silver( ~ ) series. 
The composit ions of  the frontier molecular orbitals for the three model comple×es 

4a-6a  l]'om the Fenske-Ha]]  mole,~tar  orbital calculations are summarized in 
Table4.  The calculation results revea! that the three highest occupied molecular 
orbitals are mai~ly of  A g - E  bonding character f between the 4d orbitals of  the fbur 
silver(! ) centres and the 3p, 4p and 5p orbita!s of  S, Se and Te, respectively), while 
the L U M O s  of  all these c!t.sters are almost re, eta]-locaHzed. The caicu!ated 

= ,)4{1a4- ;] decrease from 4a t o  H O M O  L U M O  energy gates of  [Ag4(bt~H:PCHePH_ E ~ 2-- 

6a, which is in line with the trend observed in the solid-state lumhmscent energies 
of  the tetranuclear silver{ I ) clusters. The frontier molecular orbital energy diagrams 
of  4a-6a  are shown in Fig. 3. 

In addition, similar results have also been obtained from d~e ab bfiti+; studies. A 
representative summary of  the energy levels and compositions of  the froe~tier orbitais 
o f  4a from ah Dff'~io MO studies are listed m Table 5. These results suggest that the 
transitions associated with the emis-io,~s of  the sii,<er( i ) clusters originate essentially 
t]-om a ligm3d-to-metai charge~tra~:sfer L M C T  ( E 2 -+ Ag~) exched state, with mixing 
of  a metal-centred MC fd - s :d -p )  silver(i) state. AD b:ido moIecular orbital calcuia- 
tim~_s have also been carried out on a temmuciear  cuproas iodide c o m p b x  
[Cu4Ia(py}41 and the lowest-energy exci!ed state has a!so been found to be an 
admixture of  metal-centred and halide-to-metal ch~:_rge-tr;.ms~er parentages [26]. 

Fabb -I 
Vnergic~ a!~d per ccu{ compo>id,m, !o~ *!le f!o,,hc~ ,,b~L!t~ ,q i-'t}h~uH~Ptil[J~l! L4t,jLli: from 
I 'cm, kc l h l l l  M O  ~tUdie~" 

""omple\ \hqecu b. r !q~erg) ',. 4Ag 4] i: PL'i { f i q  ~: 

I--S LI'M() 65~:~,} 4.!4 :, {}{I LJ<{4 3.4¢> 
t t O M O  64( b~} t l u *  -4{~ 12 42 ~0 1 I ,~- 

I- = ~c 1_[,'*,,10 65{.~-} • 451 0 {10 9{<52 3..4S 
IIOMO 64{ b~* !0 =5 5La !{; 39 2{: ]0.5,'~ 

I { - - T e  L t . M O  (-,5(<.) • 5.16 02}0 gtl.30 3.70 
I {OMO 64{ bt) I{},55 51 .(34 ~8 4{} 9.96 

Dma token from Ref. [ !(IO], 
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Fig. 3. Molecular orbital energ} diugram~ !d~o~ing the frontier molecuk~r orbiiMs ~I c~v.npie?:es 4a 6e. 
from Fertskc--Hali molecular orbital cMculadons. 

3.1, 3. E/ectroche**~icai properties 

The elec-trochemistw of  complexes 1-6 in MeCN (0,I tool dm ~ "Bu4NPFO was 
studied. The cyclic vol tammograms showed ill-defined irre~ers!ble oxidation waves 
while no reduction waves were detected within tI~e acetonitrile sotvent window. The 
electrochemical data are summarized in Table 6. 

3.].4. Photo-redox reactivities 

The phosphorescent  states o f  the coppe r ( ! )  clusters have been found to be 
quenched by pyridinium aceeptors [50,5t] .  In order  to gain more  understanding 
in.to the photo-redox behaviour  of  these complexes, a study o f  electron-transfer 
quenching of  the phosphorescent  states o f  I and 2 by a series o f  pyridinium acceptors 
o f  variable reduction potentials has been carried out. Excited-state reduction potet> 
rials /~ . . . . . . .  {'--ua~+~z+*~j of  --i.71(10}, and - I . 5 5 ( 1 0 ) V  for 1 and 2, respectively° vs 
saturated sodium chloride calomel electrode (SSCE) have been estimated by three- 
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Table 5 
Energy  levels and  a tomic  con t r ibu t ion  for  iI~e frontier  molecular  
[Aga{p_HzPCHaPlga)a(ll4_ S }is- (4at f rom ab #fftio M O  studies ~ 

orbi ta ls  

29 

o f  

M O  E (eV } C o m p o s i t i o n  

Ag S HaPC~'t _~PH, 
4d 5s 5p 3s 3p~ 3p,  3p: ( total  } 

Orbital  
descript ion 

17a, - 13.48 t6.6 t.3 2.7 0 0 0 6 79.4 
20b z -- 12.85 14.9 2 1 12.3 O 0 38.8 0 3!,9 
( H O M O - 2 1  
23a~ - 12.8I ig,0 0,5 6.1 !.3 0 0 56.1 18.0 
( H O M O - I  } 
20b~ - 12.04 2! .2 2.0 5.3 0 31 0 0 0 40.5 
( H O M O }  
24a I -3 ,61  0.8 47.9 i5.7 0 0 0 0.5 35.! 
( L U M O )  

Ag {d } 
rs{Ag-S} 

o { A g - S )  

o{Ag  S} 

Ag (s,p) 

Da ta  taken f rom Ref. [101 ]. 

Table 6 
Eiecm~chemicai  dala  for complexes  ~-6  ~ 

Complex  O~id~nioi~ 5p. { v ~ vs Fc-  Fc 

1 + 0 . 2 7  

--- 1.25 
+ 1,39 

2 - 0 24 
_a_ ] c}5 

- 1 ,24 

3 - 0 2 9  
- 0 8 4  

-~ 135 
4 ~ 0.33 

~- 16"I 
5 -. 0 ?4 

-=075 
i,0"; 

6 .~ I] i4 
- , ~ . S I )  

p a r a m e t e r ,  n o n - l i n e a r  1eas t -squares  fits to the  e q u a l i o n  

-~ ~ a 0 J , , :  }] {RT'S) hi_/c; =(RT/'5) t!? £!c , , - -{2 4}[I ' "~ " - '  2 

where  k'q is the  ra te  c o n s t a n t  c o r r e c t e d  fbr  d i f l ) s i o n a l  eff?cts, £ = / % " k _  d which  is 
a p p r o x i m a t e l y  1 - 2  d m  -~ m o i - ' - ,  ka is the d i f fus ion - i imi t ed  ra te  c o n s t a n t  which  is 
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taken to be 1.0 x 10 m d m  3 tool -* s- ~, l~ is the transmission coefficient, v is the nuclear 
frequency, 2 is the reorganization 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 
RTInK~:v of 0.61(10)V vs. SSCE have been obtained for 2. 

A plot of Ink;  vs E(A +/°) for the oxidative 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. It is envisaged that both I 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 spectroscopic evidence into the mechanism of the 
photo-reactions between these luminescent clusters and pyridinium acceptors, a 
nanosecond transient absorption spectroscopic study has been carried out [53]. f h e  
transient absorption difference spectrum of the laser flash photolysis of a degassed 
acetone solution of I (0.27 mM ) and 4-(methoxycarbonyl )-N-methylpyridinium hex- 
afluorophosphate (7.93 mM) is shown in Fig. 5. A sharp absorption band is observed 
at ca .  390 rim, 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 pyridinyl radical 
and matches very well with the reported spectrum of the 4-(methoxycarbonyl )-N- 
methylpyridinyl radical [102]. The reaction mechanism is likely to be: 

[Cu4(ft-dppm)a(b~4-S)] :+ 
h o  

- - - ~ ,  [Cua(b~-dppmh(bt4-S)] -'+* 

COOCH~ COOCH~ 

[Cu~(g_dppn~h(~_S)]'-*~+ ~+~xj kq ~+ . . . . . . .  > [Cu~(pt-dppm)a(bt~-S 1] + 

[ I 

CH~ C H : ,  

The 484 nm absorption band and the much Bower-energy broad band at ca .  693 nm 
which are not characteristic of the pyridinyl radical, are likely to arise as a resu!t of" 
the oxidized form of the copper(t) cluster, [Cu~CufCu~CunQ.t-dppm)4(bt4-S)]3+. 
Although the ligand-field (d-d)transi t ions for the copper(II) metal centre in an 
tmsymmetr{c environment can occur at such a low-energy region [103], such an 
assignment for both the 484 and 693 nm absorption bands % the transient absorption 
difference spectrum is not favoured, given that the extinction coefficients for the 
bands are estimated to be 1200 and 5700 dm a tool -~ cm -:  respecuvely, assuming 

,~Cu ¢' "~-r~m ~ '" e ,~3+ do not have signifi- that both [Cua(~a-dppm),~(~4-S)] a + and ~ at~,-utJ ~ J4~4 -o ~i 
cant absorption at ca .  390 nm. Another possible assignment is the ligand-to-metai 
charge-transfer LMCT [S z---,Cu(II)] absorption which is commoniy suggested in 
many mixed-valence copper(I,I!) thioiate [ 104-107] and copper(II ) thioether com- 
plexes [108,109] to occur at ca .  400-500 nm. However, such an assignment for the 
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at 390 nm. 

broad  absorpt ion  band at 693 nm. is un]ikety in view o f  its occ~rrez~ce at such a low- 
energy region 

~P g A more  p robab le  ass ignment  ~o. the absorpt io  is the intervalenceotrans~r  ( I T )  
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transition: 

Cn~Cu~Cu~Cu r~ + hv~  Cu~Cu~CunCu j * 

There have been a number of intervalence-transfer transitions reported in a variety 
of mixedwalence cepper(I,!I)  systems. For example, the 756 nm absorption band 
(e = 5000 dm 3 reel -~ cm-~) of a dinuclear complex [Cu~Cu~L] 3+ with a macrocyclic 
ligand L=N(CH2CH2N=C-C=NCH2CH_,)3N has been. assigned as an inter- 
vatence4ransfer transitioIa [1 i0]. A similar assignment has also been suggested in 
other mixed-valence Cu(i  )Cu(iI  ) systems with thioiato- [111], bale- [ ! !2l and N,O- 
containing macrocydic ligands [ 113, 1 i4]. 

Besides, similar transient absorption difference spectra have also been observed 
ibr the photo-reduced electron-transfer reactions between 1" and 4-(aminoformyI)- 
N-methylpyridinium, and 2* and 4-(methoxycarbonyl )-N-methylpyridinium, as well 
as 4-(aminoformyl)-N-methylpyndinium, respectively. There are no significant 
differences between the spectra of the sulphido- and selenido-copper(t ) complexes 
except that the 480 nm band is less intense %r the latter. The bread and intense 
absorption at 685 nm in the difference spectrum for the reaction between 2* and 
44methoxycarbonyl)-N-methylpyridimum is also assigned as the abso~t ion of the 
mixed-vaience Cu~Cu~Cu~Cu n species. The occurrence of this absorption band at 
similar energy compared with that of the sulphide analogue (693 rim) 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 
assignment of intervalence-tra~.sfer transition appears to be mere possible ¢br these 
low-energy absorption bmMs. 

For 3, similar photo-induced electron-transfer reactions with different pyridinium 
accepters have also been found to occur. In ge~eral, ali the transient absorption 
difference spectra are very similar to those of the dppm analogue 1. indicative of 
relatively little participation of the bridging phosphine tigand in the absorption 
characteristics of the transient species. 

Similar low-energy transient absorption bands for the mixed-valence copper 
species have also been observed in the photo-induced electron-transfer reactions 

@ between a series of trinueiear alkynykopper(I)  ccmp~,ex.s and various " ' py~ mmium 
accepters [56~57,62]. Intervalence-transfer transitions have also been suggested for 
the near-infrared absorptions observed in these systems with nanosecond transient 
absorption spectroscopy. 

The transiem absorption signals are found to decay with time. A plot of ( 1./AA] 
vs time yields a straight line, indicating that the decays follow second-order kinetics. 
attributable to the back-elec~ron-trm~sfer reaction: 

COOCH~ 
/ 

[<-U4~ dpv-? lh(p4 S~j Kr~/2 

CH~ 

- ~  ~. u4{~-dopml,d}aa-S!]"+ 

COOCH~ 

I 
CHs 
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A back-electron-transfer rain c o n s t a m  ku,; o f  9.7 x 10 " din ~" m o i  ~ s -  ~ is deter.- 
mined based on the decay o f  the intervalence-transfer absorpt iom Th:s value agrees 
well with that obtai!aed from the pyridinyl radical decay trace. 

In conclus ion,  characteristic pyridinyi radical absorpt ions  have bee~ observed m 
all transient absorpt ion difference spectra and therefbre the electron-transfer nature 
o f  the photo-react ions  between the phosphorescent  s~ates o f  ~hese *~o.~anuc~a~" ,~ 
c o p p e r ( I )  chalcogenido  dusters  and the pyridinium aeceptors can be estab!ished. 
The highly reducing capabilities o f  the excited s~ates o f  these copper(  [ ) dusters  have 
aiso been demonstrated.  

3.2. Copper( I) and sih,er( [) acegvlide complexes 

As an extension o f  ou r  recent  work  on di-, ~ri- and te t ra~uciear  c o p p e r ( i )  and 
s i lver ( l )  acetyt ide complexes  [.55--64i. a t t empts  have bee~~ m a d e  to synthesize lurni- 
nescem r ig id-rod o l igomers  based on the *r~a~,g~v.o-M~ building b~ock:. In aia at~emp~ 
to  build h igher  o l i aomers  ~rt,~,]3 .rig a . . . . . . . . . . . .  _ _ 
[Cua (g -dppm)s (g s -q~ -C~C-S i Me 3~a j  ~ as the ~recursor  uo,~p~,-:x, to  o u r  -~t,~,.,.,. 
react ion o f  the binuc[ear  complex  [Cudg-dppm}2i  M e C ,  ~ ~t wi~h Me:~S~,~ ~ ; C H  
in the presence o f  nBu[,i in T H E  afforded a ~mve} te t ranuclear  complex  

, .  ~ 1 2(~.--C- 2- (7 )  " _ tCua~P.-dppmh(ga-q , ~ t - - - -  -.-)1 in mode ra t e  ,/enid ~or~9~,. On  '~-~,_~ o the r  
hand,  react ion o f  [ C u a ( p . - d p p m h ( M e C N  h] 2" or  [Ag,(wdppmi,(__ _ MeCN~:i~2" 
with 1 ,4-die thynylbenzene in the presence o f  =BuLi m T H E  afforded the 
respective d iyne-bf idged  hexm:uc iear  c o p p e r ( I )  and  sih-er{I)  eomp~e:,:es. 
[ C u 3 ( b i - d p p m } 3 ( b t 3 - ~ ] ~ - C : = C - - C e H a - C ~ C - r ~ } C u J t i - d p p n ! ) 3 ] { ~ .  _ , ,  B g 4 } . :  ,(N , e l ~ d  

[Ags(g-dppml.~(g3-~] ~ - C ~ C - C o H ~  - C ~  C'p}Agdba"dpp m h]( BFxh  ( 9 ): each o f  which 
con ta ins  two t r i angu la r  M ~ units l inked ria an extended con juga ted  di) 'ne b a c k b o n e  
[64]. A t  these a lkynyt  comrfiexes, have been charac ter ized  by., e temeatai  a~ivses~.~ ~ and 

~t~sO var ious  spec t roscopic  methods .  Their  X- ray  crystai  5trc~ctures have "-'- ~>eev_ 
determined.  

Complex. 7 snows a c r y s t a l o g r a p h i c  C .  .>vm.,,~-." .......... ']~ ,,v~ti~ the fbur ( . a  a~c-ms 
a r ranged  i~ a d is tor ted  rec~anaaatac a r ray  ae~d d?e f'vur ~ -dppm !~?..nds "-~;.<,-~ "", cacl~ 
o f  the four  C u - C u  edges in a saddle-like a r r a n g e m e n t  Uniike ,c-x?~p!exes ~-4  where 
the cha tcogen  a t o m  is projec ted  above  the >,G pla~e occupx 'b~  '&e apex o f a  dis!orted 
rec tangu la r -based  pyramid ,  ~he C:~--:C u~.3it i'a complex  7 is s~t~.ated ir~ @~e middle  o.f 
fi~e rectanauiar~ Cua plane, with a C - ~ C  b o n d  distaT~ee o f  i ._o~**' '~, . . . .  ,k '~t is m~e~estm~' ' 
to note  that  tee  Cu - - -Cu  dis tances in eomple'~ "c 7 are le.~E-~ ma~~ ~nose ~- ...... 
complexes  ~=-~_.. which i~ unde r s t andabIe  o~ the :,~-~o<:@- . . . . . . . .  thi~ the C ~ ( -  u~h  is }a~e~ 
in size and  is s i tuated o~a dan platte o f  t i le Cua core  ali]d ,nc~=~.aoo i.<~':,,i~..I ...... ....~.1 
a t o m s  fur ther  apar t .  These  dista~ces az-e sig.nifiea,~iv ' .... o* '  . . . . .  ~'-~.~s':;: than  t}s# <u'.)l o!;" va~? tier 
Waals  radii for  coppe r  {2.<S 50 [ ! !5} .  sue~estive oi." ip, s iemficant  me, al-me~al  vyier- 
ac t ion betwee~a the fbur  c%,pe,  a~oms. I~ should  be em~has~.zeo "dsat ~>:•< . . . . . .  i ,'=- 
represents  the first example  o f  a ~ . ~  qe bridgi~,:g mode  o f  a C = C  m~it o.o~;m'ri.xg 
wit;q t e t ranuc lear  copper{ ! ;L 

The  com~lex  ca~io~ o f  ~ consis ts  o f  two trm~g~Aar" " ' ' :,rca :•~- e:  .... #,w:~,~," a~..,r~.> wi~h 
a d p p m  Iiga.nd br idging  each edge to  fo rm two roughiv  p lanar  !.Cv.~Pe,~ core..= v,i*:i~ 
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interior angles of the Cu 3 triangles ranging from 55.3I (3) to 68.71 (3) . The two 
Cu3P~ cores are bridged by a lA-diethynylbenzene unit to form a dumb-bell shaped 
structure, The Cu---Cu dista~ces [2,862(2)-3,243(1)A] are comparable to those 
fom~d in other related copper(I) acetytide systems [55,57, I16-!18], suggestive of 
very weak to no C u . , . C u  interactions. The bridging mode of the 1~3-acetylides is 
asymmetric. The observed C>~C distance [1.223(9)A1 m~d tbe linearity of the 
acetylide groups indicate atypicat  C ~ C  bond, characteristic of metal-acetylide c~ 
bonding. A similar bonding mode has been found in the related trinudear copper(i ) 
acety!ide complexes [55, 57], The complex cation of 9 is isostructural to 8 except the 
six copper atoms are replaced by silver atoms. The Ag-.-Ag distances tail within the 
range of  3.079( 1 ) to 3,338( 1 ~ A and the interior angles of the Aga triangles range 
from 56.46(4) to 64.65(4). The asymmetric bonding mode of the atkynyt group 
[d(C~C):  1.24(2) A] is also similar to that observed |br 8, 

It is interesting to note that the v(C=C ) stretch appeared as a ,~trong band in the 
so!id-state FT-Raman spectra of 7, g and 9 at I788, 1955 and 2015 cm- ", respecfiveiy. 
The lower w'C~C} stretching frequency observed in 7 is in line with the longer 
C~-=C bond associated with .'>bonding interactions with the copper atoms. 

2.2.1. EI~ • g,'olHc absorp t ion  a~ul emLv,vio~ .vpectro.~c~.q~v 

The eL~.tronic absorption data of complexes 7- 9 are summarized in Table 2. The 
electronic absorption spectrum of 7 shows an absorption bm~d at ca. 262 nm in 
MeCN, attributable to the intra-ligand tra~silion of dppm since free dppm also 
absorbs strongly in this region. T h e  tow-energy absorption at ca. 374 nm is tikely 
to arise ~5-om a [(C=--C) z--~Cu~] LMCT transition, give~ the good ~>donating 
ability of the ( C ~ C )  : -  unit. On the other hand. it is interesting to note that the 
absorption spectral pa~,te:'ns of solution samples o f8  and 9 are very similar( Fig. 6 ). 
The strong absorptiol~s in the UV region at ca. 258--324 nm are tentatively assigned 
as ligand-localized transitions, Longer wavelength absorptions appear as vibronicalty 
structured bm~(is at ca, 370-4i6 nm for 8 and ca. 324--364 nm fo r9  in CHzCt:. The 
vibrational progressionaI q)-tcing-~ of ca, 1475-1500 cm " ~ are typicat of v(C:" C 
stretching modes of the aromatic ring in the excited state. 

Upo~ excitation of complex 7 at 2> 350 ~m at room temperamre~ intense green 
and greenish-yel~,ow emissions are observed in the solid s~ate and in fluid sotmions, 
respectively, The long excited-state iifetimes observed at room temperatu:'e in both 
the solid state and in fluid solatio:'~s, toget!~er wit~ the i~:-ge Stokes' shif~ suggest 
tha~ ti~e emissiop, is ,most likely associa~,ted with a spin-R>rb:dden transitiop, of triplet 
parentage, The photophysical data of 7 are collected in Table 3. With the good 
c>do~ating ability of ;,he ( C ~ C  }z- unb:, it is !ikely that lhe origin of the Iow-ener%" 
emission wouM be domi~ated by an acet}iide-to-copper charge-tra:asl'er LMCT 
[~C~zC }" - --Cua] excited state and probably mixed wilh a meta!-cen*red d-s excited 
sta~e [55 62,64}. 

On the other hand, excitation of a solid sample of complex 8 at ,:, > 350 nm ~ 
both 298 and 77 K produces intense yellow-orange luminescence, The room-temper'- 
ature so!id-state emission spectrum shows an intense a~d vibronicaily su-uetured 
band at ca. 583 nm with progressional spacings of ca, i 500- 1529 c m  ~. characteristic 
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of  the a romat ic  r(C-"-:C} stretch. Upon  coolin~ to 77 K. the structured emission 
bands become better  resolved. Similar emission bands are also observed in fluid 
solutions. Excitation of  a solid sample of  9 at 2 > 350 nm at both 2-_3.8 and 77 K gi.;es 
intense greenish-yellow !uminescencc. The solid-state emission spectra at both tem- 
peratures atso show an intense vibronically structured band at c a .  5 i 3 rim. The solid- 
state emission spectra o f  g and 9 at room tempera~:ure are shown in Fig. 7. Tl~e 
excitation spectra of  both  8 and 9 show vibronicaily s t ructcred bands at c a .  

360-420 nm and 320-562 nm, respectively, which coincide with those of ' their  respec- 
tive absorpt ion spectra. The photophysical  data  of  8 and 9 are samma~ized in Table 3. 

It is interesting to note that  botl:, the absorpt ion and emission b~mds of  8 occur 
at lower energy ~.han those o f g .  A possible assignme,.:t for the origin of  the emishmn 
involves emissive s~ates derived f rom iigaz~.d-to recta1 charge-transfier ( L M C T  } trans- 
ition mixed with d-.s character .  The blue shift {n the 77 K solid-state emission energy 
of  c a .  0.28 eV 12orn 8 to 9 is comparab le  to the value of  0.3~ eV reported ~'o~ the 
related hexanuc!ear  copper{ _~ } and s i lver( i )  thiocarbama~e clusters, {Cu~rmtc)d and 
[Ag~(mtc),:] (mtc -=d i -n -p ropy i~ncno th ioca rbama te} .  where an origi:t o f  mixed 
L M C T  and d - , s  character  has bema suggested [22.23]. Besides. a similar biue shift 
in emission energy {ca. 0.27 eV ) o~ going f rom copper(~ ) to siiver( ~ ~ chalcogenido 
clusters t to 4 and 2 to 5 has also been observed,  in which a mixed L M C T / d - s  
origin has also been suggested and supr_~orted by too!ocular orbitM ca]culaiions [50-  
54, t00. i01 ]. The long lifetime o f  the emissive states of  8 a::d 9 in the microseco~.d 
range is suggestive of  a tripiet parentage.  However ,  ,.'he possibility o f  the involvement  
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Fig, 7. So l id - s ta te  e m i s s i o n  spectra  o f  c o m p l e x e s  8 ( . . . . .  ) and  9 (- - -) al  r o o m  t e m p e r a t u r e .  E x c i t a t i o n  
w a v e l e n g t h  al  350  nm.  

of an in'~ra-ligand excited state of 1,4-diethynyibenzene should not be overlooked 
given the unusually long lifetime of the emissive state and the lov,,4ying ~* orbital 
e;.mrgy of the diynyl unit. The excited states of  luminescent polynuciear d lO systems 
may be strongly influenced by tee ligands. The emitting states of many polynuclear 
d~° complexes have been suggested to possess intra-ligand character 
[38,39,47.49,69,70,73,74]. Therefore, it is likely that the low-energy emission for 8 
and 9 is derived from states of  tigand-to-metat charge-transfer LMCT 
(acetylide~Cu4 or Ag4) parentage mixed with a metal-centred MC (Cua or Ag.a) 
d-s state, and probably with substantial intra-ligand IL(acetylide) ~-~* character. 

3.2.2. Photo-redox properties 
The phosphorescent state of  complex 7 has been found to be qum~-ched by a 

number of  pyridinium acceptors (Table 7). A plot of  In k; vs E(A +j°) for the 
oxidative electron-traLsfer quenching of  7* by a series of structurally reiated pyridin- 
iu:n acceptors is shown in Fig. 8. The triplet state energies of  pyridmium ions are 
too high for any appreciable energy transfer reaction between the excited state of  
the complex and the quenchers to occur. This, together with the close agreement 
between the theoretical curve and the experimental data, suggests that the mechanism 
of the photo-reactions is outer-sphere e!ectron-transfer in nature. An excited-state 
reduction potential E~[Cu] +/2+*] of  - 1 . 7 7 V  vs SSCE (2=1.39eV~ RTInKtcv= 
0.58 V vs. SSCE) has been estimated for 7 tiarough the oxidative quenching studies. 
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Tab le  7 

R a t e  c o n s t a n t s  for the  q u e n c h i n g  o f  7 by  p y r i d m i u m  accep lo r s  in d e g a s s e d  ace tone  
(0.1 tool  d m  -~ "Bu~NPF6)  at  298 K" 

Q u e n c h e r  b E ( A  + 0) ( V )  vs S S C E  kq (d in  ~ tool  -* s -* )  ~ 

3,4- D i c y a n o - N - m e t h y l p y r i d i t ~ i u m  - O. 11 
2 - C h l o r o - N - m e t h y l - 3 - n i t r o p y r i d i n i u m  - 0,37 

4 - C y a n o - N - m e t  h y l p y r i d i n i u m  - 0.67 
4~Methoxycarbonyl-N-methy!pyridinium - 0.78 
4 -Aminofo rmyl -2%Lethy lpyr id in ium ~ 0.93 
3 - A m i n o f o r m y l - N - m e l h y l p y r i d i n i u m  - I. ! 4 

N ~ E t h y l p y r i d i n i u m  - 1.36 
4 - M e t h y l - N - m e t h y l p y r i d i n i u m  - 1.49 

4.05 x 10 ~" 
7.78 x 10 ¢~ 

5.23 x 10" 
2,59 × 10 ~ 
9.17 × 10 s 

9.56 x I0-  

1.13 × 10" 
1.47 × !0 e 

D a t a  t a k e n  fi 'om Ref.  [59I, 
b Al l  the  c o m p o u n d s  are  b e x a f l u o r o p h o s p h a t e  sa l t s  except  3 . 4 - d i s y a n o - N - m e t h y i p y r i d i n i u m  and  2-clf loro- 
N - m e t h y l - 3 - n i t r o p y r i d i n i u m  which  are te t rafh_mroborate  sai ls .  

kq is the ra te  c o n s t a n t  co r r ec t ed  for  d i f fus iona i  effects. 
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This indicates Ehe strong re&~cing power of the tetranuciear copper(il  acetyiide 
complex in the excited s{r~e. 

The electron-transfer ~a~ture of these quenching reactions was t'urther supported 
by nanosecond transient absorption spectroscopy. Simiiar to over previous studies 
on the photo-induced electron-transfer reactions between a series of trinuclear 
copper([) acetylide complexes and various pyridinkLm aeceptors [58,57,62], the 
~ransient absorption difference specCrum get, crated from ~he laser flash phototysis 
of a degassed acetone solution (0.! m oJdm -3 =Bu4NPF 6) of complex 7 and 
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4-.(methoxycarbonyl)-N-methylpyridinium is dominated by a high-energy band at 
co.. 390 nm and a much broader band near the near-infrared region. The 390 nm 
band is characteristic of pyridinyl radicats and matches well with the literature 
reported spectrum of the reduced radical of 4-(methoxycarbonyl)-N-methylpyridin- 
ium [ 102 !, 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, 62]. 

4. Concluding remarks 

This paper summarized our recent effor's on the studies of polynuclear copper(I)  
and silver(1) c!uslers with chalcogenides ~nd acetyiides as bridging ligands. Very 
often, complexes of this kind exhibit unique and intriguing photoluminescent proper- 
ties. It is anticipated tkat the tetrannclear and hexanuclear d ~o clusters described in 
this paper may be utilized as building Nocks in the formation of higher nuclearity 
luminescent materials with desirable physical and chemical properties. 
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