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The photochemical behavior of ruthenium polypyridine com- 
plexes has become a topic of intense interest.' Extensive in- 
vestigations of the photophysical properties of tris(bipyridine)- 
ruthenium(II), Ru(bpy)?+, has led to the model shown in Figure 
1.2 In this model, the triplet metal-to-ligand chargetransfer state 
(3MLCT) is populated with unit quantum efficiency. Once 
formed, the 3MLCT undergoes three decay processes: radiative 
decay (kJ, radiationless decay (knr), and thermal population of 
a higher excited state (koe-hE/RT). This higher excited state has 
been identified as a ligand field state (LF) on the basis of the facts 
that it undergoes efficient radationless decay, is not luminescent, 
and results in a low-yield photosubstitution reaction. 

Recently, the quenchings of both the luminescence and pho- 
tosubstitution reaction have been inve~tigated.~ The specific 
system examined was R ~ ( b p y ) ~ ~ +  in dimethylformamide (DMF) 
with 0.1 M tetrabutylammonium bromide present. The quencher 
selected was ferrocene. The resulting two linear Stern-Volmer 
plots were found to have substantially different slopes. In fact, 
the slope for the quenching of the photosubstitution was found 
to be 3-fold larger than the slope for the luminescence quenching. 
These results suggest that the 3MLCT and L F  states are not in 
thermal equilibrium. Furthermore, the lifetime of the L F  states 
appears to be much longer than the 3MLCT state. 

These conclusions did not agree with some related results ob- 
tained in our laboratory so we decided to investigate the equivalent 
chloride system. The corresponding Stern-Volmer plots for the 
ferrocene quenching of both the luminescent lifetime and pho- 
tosubstitution reaction of R ~ ( b p y ) ~ C l ~  in D M F  (0.1 M tetra- 
butylammonium ch!oride) are shown in Figure 2. The lifetime 
quenching plot yields a slope of 3070 f 600 M-'. The quenching 
rate constant is then evaluated as 4.0 X lo9 L/(mol s), in good 
agreement with 5.9 X lo9 L/(mol s) reported for the quenching 
in ethanol by Wrighton et al.5 Evaluating the slope for quenching 
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Figure 1. Photophysical processes of Ru(bpy)32+. 
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Figure 2. Stern-Volmer plots for the quenching of Ru(bpy),2t emission 
(triangles) and photosubstitution (circles) by ferrocene (solid) and oxygen 
(open). The progress of photosubstitution was monitored by the disap- 
pearance of Ru(bpy)32t. 

of the substitution process was much more difficult. The ferrocene 
absorbed a substantial fraction of the incident radiation, and itself 
undergoes a phot~react ion.~ Considering these difficulties, the 
difference in these two slopes (3070 * 600 M-' ( T ~ / T )  vs. 1780 * 700 M-' (&/$)) is probably not significant, and in any case 
the trend is in contrast to the previous result in which the emission 
quenching had the smaller slope. 

In order to avoid the problems associated with using ferrocene 
as a quencher, the quenchings of both the luminescence and 
photosubstitution by oxygen have been investigated. Oxygen is 
a good quencher but does not absorb any incident radiation. The 
same system (Ru(bpy)t' + Cl-) in CH3CN has been investigated. 
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As before, the Stern-Volmer plots for the quenching of both 
processes were determined and are displayed in Figure 2. The 
rate constant for luminescence quenching is evaluated as 6.8 X 
lo8 L/(mol s ) , ~  somewhat lower than the values of 3.3 X lo9 
L/(mol s) (H20) and 1.7 X lo9 L/(mol s) (MeOH) reported by 
Demas et al.' The quenching of the photosubstitution reaction 
was found to yield very nearly an identical Stem-Volmer plot (506 
f 40 M-' ( 7 0 / 7 )  and 470 f 60 M-l (&/$)). 

These results disagree with those previously reported and 
prompted us to reinvestigate the bromide system in DMF. 
Ferrocene was found to quench the 3MLCT luminescence of 
R ~ ( b p y ) ~ B r ~  in D M F  (0.1 M tetrabutylammonium bromide) a t  
(nearly) a diffusion-controlled rate ( k ,  = 3.2 X lo9 L/(mol s)). 
The photosubstitution was also quenched. In fact, the linear 
Stern-Volmer plots had slopes that were identical within exper- 
imental error (1210 f 200 M-' (70 /7 )  and 1170 f 300 M-' 
($o/4)). The value of these slopes agree reasonably well with the 
previously reported value for the luminescence quenching (826 
f 6 M-1)4 but not with that for the quenching of photosubstitution 
(2530 f 620 or 2825 f 580 M-1).4 In order to further substantiate 
these conclusions, quenching by O2 was attempted. Unfortunately, 
this proved to be unfeasible in D M F  as explosions occurred at  
the higher O2 pressures. 

In order to avoid the dangers inherent with combustible solvents, 
the photosubsubstitution was examined in CHzClz (0.01 M tet- 
rabutylammonium bromide). Again, the quenchings of both the 
emission and photosubstitution by ferrocene were examined. The 
linear Stern-Volmer plots had similar slopes (4840 f 500 M-' 

Notes 

(70 /7 )  and 5070 f 1200 ($J~/$)). The quenching by O2 also 
resulted in liner Stern-Volmer plots with virtually identical slopes 
(166 f 30 M-' ( 7 o / T )  and 147 f 40 M-' ($0/$)).6 

In conclusion, the quenchings of both the luminescence and 
photosubstitution are very similar. This indicates that the excited 
state affected by either ferrocene or O2 is involved in both pro- 
cesses. Of course, the luminescence is known to occur from the 
3MLCT state. Quenching of this state also results in less popu- 
lation of the LF state and less photosubstituion. However, as long 
as only the 3MLCT state is quenched by the additive, the 3MLCT 
and L F  need not be in thermal equilibrium to show similar 
Stern-Volmer plots. 
Experimental Section 

The quenching by ferrocene followed the procedure reported by Fa- 
sano and Hoggard.4 The only exception was the use of phosphorescence 
lifetimes rather than intensities for evaluating the luminescence 
quenching. This avoids any inner-filter effects from the ferrocene. 

For oxygen quenching, samples (3 mL) of solvent (0.1 M CI- or Br-) 
were degassed and then equilibrated at  the desired O2 pressure. After 
equilibration for at least 1 h, the solution was drained into a cuvette that 
contained the appropriate amount of solid Ru(bpy),C12 or Ru(bpy),Br2. 
The sample was then sealed. Care should be taken during the sealing 
process as there is a definite possibility of an explosion at the higher 
pressures of oxygen. After sealing, the emission intensity and lifetime 
were evaluated. Finally, the photosubstituion quantum yield was de- 
termined by the method previously noted. 
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