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in their ground state, since the excited species is considerably different in chemical 
nature than the ground-state molecule from which it is generated. The complexes 
created by such an interaction are called exciplexes [ 13. Luminescent exciplexes are 
generally characterized by a new, red shifted emission band, which is usually struc- 
tureless, because the radiation from exciplexes proceeds by a vertical Fran&--Condon 
allowed transition from a minimum on an excited-state potential surface to a low- 
lying repulsive ground-state surface. Solvent eflects on the emission spectrum and 
correlation of both spectrum and enthalpy of formation with the redox properties 
of exciplex constituents are indicative of the nature of exciplex. Time-resolved 
experiments performed by nanosecond or subnanosecond time resolution show 
double exponeniial luminescence transients; a double exponential decay at the wave- 
length of the precursor emission and a development followed by the decay at the 
wavelength of exciplex emission. The rate of the exciplex formation, as well as the 
stability constant of the exciplex, can be determined by these experiments. 
with the direct observation of the non-emitting exciplexzs should be emp 
this case the investigation of transient absorption spectra and chemical reactivity 
can provide the identification of the exciplex. 

The electronic structure can be characterized by the wave function of an exciplex, 
which is expressed as a linear combination of wave functions of the possibte states 
PI: 

where the first and second terms describe the energy transfer states, the third and 
fourth are the charge transfer states, and the last term gives the ground state 
interactions, with the coefficients representing the reIative contributions of the states. 
If the ground-state interactions can be neglected the wave function simplifies to 

Y=c~Y(“DA)+c~Y(oa~)+C3Y( -ID+ -A-)+CJ!q’ (2) 

Depending on the values of the coefficients cl-cd, exciplexes may be classified into 
two basic groups: non-polar (covalent) exciplexes (cJ, cq cc1 or c2) and charge- 
transfer exciplexes (cl, c2 < c3 or q). 

In principle, exciplex stabilization originates from the overlap betwe 
bonding orbitals or between the lowest antibonding orbitals [3]. 
interaction of bonding with antibonding orbitals results in a destabilization. The net 
energy change of the interactions A&, is given by the difference of the stabilization 
and destabilization energy (A&, = Estab - Ed&. The free energy change of the 
exciplex formation involves this orbital stabilization term, the ionization energy of 
the electron donor species E’, the electron affinity of an acceptor EEA [4], the 
excitation energy IF, the Coulombic interaction between the excited species and the 
ground state molecule EEXC, and the energy of exciplex solvatiorI EEXsolv [4-G]. 

AG,x=E,-E,,-~-AE,x-E~x,,,,+E,x, (3) 
Exciplexes are common intermediates in organic photochemical systems. In the 
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coorddination chemistry literature, however, ody a few excip 

uativeEy unsaturated metal complexes are called metal-cente 

results from the nature of the other constituent of the exciplex. 
The goals of the present study are to co 

cal properties of two 
tris-(cdiimine) rutheni 
excited dicyanocuprat 
center. Although the 

e photophysical and p 

mate to the excited metal 

exciplex iaateraction, their other prope are very similar: ( 
the exciplexes are ionic species; (2) have the same s 
(3) the ground state constituents are mononuclear ions. 

2. t?Xt?S 

has been studied extensively since the discovery of its 
excellent photophysical and photochemical p rties, the bimolecular and 
lecular excipiexes fmned by * [ Ru ( bpy)s]2 + silver ion were identified 
the late 1980s [7,8]. Exciplex formation of related diimine complexes, such as 
*‘bRuW=nM 2 +, ~~~u(~~~~e~)~~~ + and *[Ru( bp~)~]~ +, with silver(I) ion have also 
been reported [ 7,8, IQ, 113. 

The luminescence behavior of the [Ru(bpy)J2+-Ag+ system was investigated by 
Whitten ad co-workers in the early 1980s [ 19,201. Upon irradi 
near-IN light of aqueous or acetonitrile solutions containing 
AgNO,, AgC104 or [Ag(bpy)J+ quenching of a e Iurninescence but no 
chemistry was observed. Addition of low concentrations of strong electron donor 
species such as tdethylamine, however, resulted in the formation of 
in acetonitrile. They interpreted the apparent quenching by an el 
mechanism in which ruthenium( 111) and silver atoms are formed 
step. It is followed by conversion of Ago to Ag;, and then the back-eiectmn transfer 
reaction regenerates the ruthenium(II) complex and the silver ion in the absence of 

donor molecule. 
ver, the quenching rate constants were very low, and positive deviations 
Stern-Vdmer kinetics were observed at high Ag+ concentration. In addition 

to the Buminescence quenching, a slow ligand substitution was alsrs detected 
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acetonitrile [Xl]. A mechanism involving a ligand-labitized intermediate, which is 
intercepted by Ag’ in a process assisting the substitution by removal of a bpy 
Iigand, was proposed. 

Thorough steady state and time-resolved investigations of silver ion quenching 
carried out by Ayala et al. [7, S] and Tsubomura et al. [ 111 revealed the exciplex 
formation. They found a very small red shift (3-5 nm) in the lowest energy metal- 
to-ligand charge-transfer ( ET) absorption band of Ru( bpy): f in aqueous soiu- 
tion at 3 ionic strength in the presence of Ag’ ion at 1.5 concentration. Itn 
contrast, a considerable red shift (60 nm) in the corrected luminescence spectrum 
and a decrease in the emission intensity with increasing siIver( I) ion concentration 
up to 1.5 M were detected (Fig. 1). Stern-Volmer plots of integrated emission 
intensity and luminescence lifetime indicated a deviation from linear behavior and 
the dependence of luminescence intensity/lifetime ratio on the silver ion concen- 
tration. These results strongly suggest that at least one equilibrium reaction of the 
excited species plays an important role in the luminescence dynamics. Exciplex 
formation in the [Ru(phen),]‘+-Ag+ system was also studied using absorption, 
emission and circularly polarized luminescence spectroscopy [ 1 I]. In aqueous solu- 
tions of O- 1.5 Ag+, nearly the same red shift was observed in the emission spectra 
as in the case the bpy derivative, but the luminescence intensity did not decrease 
simply in proportion to the concentration of Ag+ (Fig. 2). The emission was found 
to be stronger in the solution containing 8.1 Ag+ than that of [Wu(phen)$” 
alone. owever, addition of more Ag+ led to a decrease in the intensity. These 
phenomena were regarded as experimental evidence for the formation of bimolecu- 

540 590 640 690 740 

Fig. I. Change in the uncorrected emission spectrum and the luminescence lifetime (inset) with silver ion 
concentration in aqueous solution of [ Ru( bpy)#+ at 3 M ionic strength and ambient temperature: 
[Ag+] =O M (a); 0.2 M (b); 0.4 M (c); 0.6 M (d); 1.0 M (e); 1.5 M (f ); A,,, =450 nm for measurement of 
luminescence spectrum and A,,,= 355 nm for lifetime measurements. 
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I 

: 

2. The calculated luminescence spectra of *[Ru(phen),]Agr”‘+ species; ( ) pt=o, (0) n=l and 
!I= 2. The inset shows the change in luminescence lifetime with silver ion concentration in aqueous 

solution of [Ru(phen)J” at 3 M ionic strength and ambient tempFature; measured (II) and calculated 
values ( ---1. 

lar, [Ru(phen),]Ag3+, and termolecular, [ u ( phen),] figi t, exciplexes, and ips con- 
firmation of the mechanism proposed by Ayala et al. [ 7, $1, who considered a R~XI+T 
of simple models, such as only bhQIecuHar or static quenching for lbing aw 
nature of luminescence. They proved that Iuminescence quenching e IIowest 
energy LCT by silver(I ) ion in aqueous solutions proceeds not by an Qxidative 
electron transfer mechanism, as previously believed, but predominantly by fQ ation 
of luminescent bimQIecular and termolecular exciplexes. 

*[Ru(E),y+ +Ag+**[Ru(L)3]Ag3+ (4) 

“[Ru(L),]Ag3’ +Ag+**[Ru(L),jAg;’ (3 

According to the model, all luminescent species decay via radiative and non- 
radiative processes: 

*VW ~~,I2 + =[W~(bpy)~]+ +hv or d 03 

*DWLMAg3+ = [Ru( bpy)J2+ + Ag+ + hv or d (71 

*WWJ,1Ag3 + = [R~(bpy)~]~ + + Ago 09 

*[Wu(LJ3]Agg+ = [Ru(bpy)J2’ + 2Ag+ +hv or LB (9 

u(L),]Ag;+ =[Ru(bpy)J2+ +Ag+ -t-Ago WV 

Ru(bpy)$+(Ag+), and Ru( e,phen)i+(Ag’), exciplexes (n= 1,2) were c 
terized by lifetime, rate constants of radiative and non-radiative decays at roe 



Table 1 
Tkrmodynemic parametfxs for [ u(%)&Q&Q-+ exciplexes 

I.&and n AH AS AG 
(ldmol-') (J mol-l K-y (ld mo1-') 

bY 1 4.7&0.5 8.9& 1.0 -6.OtO.5 -71-l -3.8&0.8 
2 1.9fO.S -6.2+0.6 -15+2 - 1.63rO.4 

phen 1 7.9 &-a6 21.3-L 1.3 -7.OrtO.8 -7&l -5.0+0.9 
2 2.7 t-o.7 -8.0+0.8 -19+3 -2.43-0.5 

phen 1 12+ IS -6.Of 1' 
2 1 fQ.7' 12& 1.7' O-f-1' 
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Table 2 
Rate constants and the formation constant of exciplex calculated from the T vs. [X-] data measured at 
ambiaH temperature [Hj 

Rate constant X=CI X=I 

kpD x lo-’ (s-l) 6.6 -I- 0.4 6.3 + 0.8 7.2& 1.1 
ka x lo-* (M-I s--l) 2.6 f 0.2 14+ I 78rt4 
IGIg- x lo-7 (s-l) 2.4kO.2 5.2-t-0.2 1.8f0.1 
l&f) x lo- (s-l) 4.7-(-0.8 2.7 f0.1 4.5130.3 
i&n, x lo+ (s--l) 1.1 kO.2 0.7fO.l 17&l 

K(M--‘) 0.7-1-0.12 2.53-0.6 M&4 
11-1-3 27&4 430f40 
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Fig. 5. Influence of ionic strength on Buminescence Iifetime vs. iodide ion concentraation h aqueous solution 
ofdicymocuprate at ambient temperature, A,,, = );p=2.5 M(O);p=50M(*)[17]. 
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