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llsed to evaluate appropriate intrinsic barriers and transmission coefficients for both processes. 
‘Ii he quenching data were interpreted in terms of energy and electron transfer alone or in 
terms of both as competing processes. It was shown that the quenching of most of the organic 
triplet states by 1,3-diketonates of Ni(II ), lanthanides, and Mg(II) (as well as Cr(acaz), and 
Fe(acac)J was adequately described by the energy transfer to the ligand-localized triplet 
states or to the metal-centered excited dd or ff states of the complexes. The transmission 
coefficients of these processes were in the range of !Oa3, 10L3-10-5, and 1Q-‘, respectively. 
Quenching by Cu(acac)2 was suggested to occur mainly by electron transfer, whereas quench- 
ing by Cu(hfac)2 was shown to involve energy transfer to the ligand-localized triplet state in 
competition with electron transfer from the organic triplet states to the Cu(II) complex. An 
additional quenching process, that is electron transfer from the acetyiacetonate l&and to the 
benzophenone triplet state, was observed for triplet states of benzophenone derivatives. The 
latter process led to the sensitized photochemistry of Cu(I1) and Ni(Il) acetylacetonates, in 
hydrogen-donating solvents. 0 1997 Elsevier Science S.A. 

Keyivo&: Triplet state quenching; 1,3-Diketonate transition-metal chelates; Energy transfer; 
Electron transfer 

1,34Xketonate transition-metal chelates (ME,) are excellent model compounds 
to study the interaction between excitecl states of organic compounds and coordina- 
tion complexes in solution. With these chelates there are many possibilities for 
energy and electron transfer, as well as possible interplay between these processes. 

acac 
RpR3=CH3 

Fl2 = w 

hfac 

R1 =R3=CF3 
R2=H 

The ML,, compounds have numerous low-lying electronic excited states of d 
orbital/spin character, making them a diverse set of I;otcntial energy acceptor 
A typical example of an energ;-level diagram for these complexes is presented in 
Fig. 1 f2]. This variety of excited states has prov!:n useful in s s of energy- 
transfer processes [2-131. The wide range of redox potentiak of compounds 
also makes them convenient quenchers for studies of electron-transfer processes [ 1 l- 
161. oreover, the 1,3-diketonate metal chelates exhibit physical and chemical 
properties that make them suitable archetypes for photochemical studies ofcoorclina- 
tion compounds in solution [1,2]. ltt has been shown by Chow and co-workers 
[2,17--223 that aromatic ketones in excited triplet states can sensitize a photoreduc- 
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w 

Fig. I. Energy-level diagram of the low-lying excited states of Cu(acac)z (from [2]). 

tion of cogper(H ) and nickel(H) 1,3-dike&mates in hydro 
and the electron- ransfer process from acetylacetonate (acac 
phenone triplet state was suggested as a primary photochemical step 

Quenching of the triplet states of organic compounds by I ,3-d&eta 4ates of trans- 
ition metals has been the subject of many investigations [2-221. Since 
do not luminesce in solution at morn temperature (except for the 
some des) and since the transient absorption spectra of t 
have detected, direct evidence for energy-transfer quenc 
estab Himentally. ~‘urthermore, n4) short-lived transient 
that could be ascribed to electron-transfer intermediates. In spite of this failure ts 
observe transients ctly, much useful indirect evidence concerning the nature of 
the quenching by complexes has been obtained. The methodology involved 
first measuring the constants, kq, of a series of excited organic molecules 
quenched by variou L, complexes. Correlations were then analyzed between 
rate constants and standard free-energy changes for the processes in que 
Since the reactions often turned out to close to difFusion controll 
considered that only electron transfer and/or energy transfer were fast eno 
likely mechanisms. Thus for these reactions, the free energies of relevance were 

. (5)) for energy transfer and AG,, (see Eq. (6)) for electron transfer 
er correlations [23]). 

Correlations typical of the behavior of these reactions are illustrated in Fig. 2 by 
the kq dependence on AG,, for electron-transfer quenching of aromatic singlet states. 



Fig. 2. Typical plot of log kg vs. AG,, for electron-transfer quenching of excited states. Data are from [23] 
foor organic singlet state quemhing, and the analysis is from [24]. 

The experimental data were taken from [ 
the figure, it can be seen that the curve is 
are exoergonic enwgh /-egative values 
approached, there is an irate 
rapidly. Finally, when reactions are s 
terized by an Arrhenius-t 
observed correlations bet 
fix electron (or energy) tram 
accepted and have b 

of the triplet state of organic s can be 
in according to general schemes descri -transfer 
processes: 
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cesses 
an be related to two ty 

and electron transfer, an 







0. 

0. 



Table 2 
Rate constants for quenching of the triplet states of organic molecules by metal complexes in deoxygenated 
acetonitrile solution at room temperature (from [IO]) 

NO. Molecuhe 

Xanthone 
4,4 Dimethoxybenaophenone 
Benzophenone 
4-T~~uorornethylbe~~~~~e~o~e 
T~p~eny~en~ 
~~ena~t~~rene 
Naphtkalened 
Chrysene 
Dibenz[a,h]antbraceme 

7.6 7.4 5.5 5.4 
0.47 0.44 0. 3.2 
0.92 O.Mb 1.1 3.3 
22 2.2 2.7 3.2 
O.QP S 0.002 1Q.02 3.1 
o.w2c <Mm - 0.015 
0.003” ,<a001 - 0.ooo8’ 

~~stirn~te~ uncertainties, & 10% or less. 
bThis value was misprinted in [IO]. 
cEstimated uncertainties, 2 50% or less. 
“Sensitized with benzophenone. 





Table 3 
Transtission coefhients, K~*, and intrinsic barriers, AGg(O), for energy transfer to 1Jdketonate metal 
chelates as determined from the best fit to the experimental results using the Apon-Levine free-energy 
~~~at~~~s~i~ 

Tb(acac),” 

Cr ( Mac)3d enzene 

Benzene 

4.3 x 10-3 
x6x lo-’ 

8.0 x 10-S 
z 1.7 x lo-$ 

8.8 x lo+ 
2.4 x 1w6 

x m-3 
sz 10-3 
x 1w3 

7.2 x lo-” 
1.6 x 1O-3 
2.4 x 1o-3 
1.3 x 1o-3 
3.3 x 1tr3 
2.4 x Kr4 
I.6 x 1W4 
1.5 x 1o-3 320 

~From [16].bFrom [13].CFrom [lQ].dFr~m [11,12]. 



Table 4 
Rate constants for quenching of the triptet states of orgmic mokdes by t~~sitio~-fete complexes in 
&oxygenated acetmitrite solutioxa at room te~~~~t~~e (from [IQ]) 

No. Triplet state 

8.5 
4.4 
5.3 
6.7 
3.0 
3.3 
2.5 
2.9 
2.9 
1.9 
1.25 
0.55 
0.027 

so. 
0.013 

6.9 
5.0 
5.5 
4.2 
4.3 
4.1 
2.7 
a.9 
1.7 
1.2 
0.80 
0.54 
0.38 
0.035 

5.9 
1.5 
3-Q 
4.2 
0.46 
0.18 
0.15 
0.1 
0.13 
0.13 
0.15 
0.12 
0.081 
0.013 

~O.aBl 

4.9 
3.2 
3.6 
3.5 

-7 
.3 

1.3 
0.036 
0. 
0. 
0. 
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Fig, 6. Energy transfer: dependence of the quenching rate constant, kq, on the energy, ET, of the triplet 
states (see Table4 for definition of the numbers) being quenched by Ni(acrac)2 an3 Ni(hfac), in aceto- 
nitrile. The arrows indicate the electronic transitions to the lowest excited states of the Ni(I1) &ekes 
(from [ 131). 
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Fig. 7. Electron transfer: dependence of the triplet quelactxiing rate constant, kq, on the free-energy change, 
AGel, for electron transfer to Cu(hfac), irr acetoonitrik. Numhrs correspolading to the triplet states are 
given in Table 4. The curves are tke resuhs of applying various theories of electron transfer and difhsion 
kinetics to the ex~~~~ent~~ data. These fittings are described in detail in [ 131. 



Fig. 8. Ml energy transfer: same data as in Fig. 7 bbr in aceto- 
nitrilt. de between fitting data for dCCctKl~- 
transfe ng data for tripaet states ~ra~sf~r~ 
(from [13]). 

Tabia 5 
Trarsmissianl toe , re,], and intrinsic barriers, AC&$(O), for efectmn transfer from the t 
of organk camp 1,Zdiketonate metal chelates as determined from the best fit to the ex 
results using the Agmon-Levine free-energy relationship 

state 
etaal 

CU(aCW)p 3.3 x 10-3 860 
f2U(hfii6),a 3.0 x lo-3 2 

5.8 x w3 1 
2.4x w3 B 
2.1 x lW3 2 
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of electron-transfer quenc 
one-sensitmze 

reduction of Cu(acac), and Ni (acac )2 in ~y~ro~en-~o~ati~~ solvents. 

i- Cu(acac) i- acac 

Ar,C=O’ -  -  -  l Cu(acac);+ 4 Ar,C=O + Cu(acac)2 

lectron transfer as a primary photochemi 
supported by the correlation of log k, vs. (- 

enzophenone derivatives containing 
groups and with Cu(acacJ2 as th 
mimed by ~~e~c~~~~~~ of benzophenone 
of quantum yields of sensitized photo 
concentrations [3,22]. The result 
electron transfer from the acac I 

g evidence in favor of 
triplet state. The lack 
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