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Quenching of lowest excited states by metal ions 
has been much investigated in aromatics. The well- 
defined photophysics of these molecules and the 
knowledge of their lowest excited electronic configu- 
rations and sometimes conformations, has led to a 
rather comprehensive built-up of the quenching 
mechanism. 

Excited configurations of inorganic molecules are 
obviously far more numerous, and for orbitally versa- 
tile inorganic compounds the quantum chemical 
approach does not always lead to an unambiguous 
ordering of M.O.‘s. Moreover, emittive states reached 
by photoexcitation may often be of a quite involved 
nature and lowest excited-state geometries may only 
be inferred. 

A striking example is the uranyl ion, whose rr, + 
Sf excitation involves fifty-six mutually orthogonal 
states [l] . Also, although near OUO linearity in 
(UO’,+)*, as in UO:‘, may in principle be argued from 
the constancy of the vibrational progression of its 
emission, the OUO angle in (UO:‘)* may not be 
exactly identical to (UO:‘). 

One electron occupation of the & or of the S, 
M.O.‘s, with virtually atomic fX,,+Z and fi(X2_Y2) com- 
ponents of this latter, both expanding at 45’ to the 
(62, @:I27 &J4, &J3, manifold, may result in a 
slight OUO bend owing to some repulsion, particular- 
ly as the 5f expansion of uranium (0.95 a.u.) may not 
be dramatically contracted in (UOi’)*. 

Quenching of the UOZ’ luminescence by transition 
and non-transition metal ions has been investigated by 
Burrows et al. [2] and Matsushima et al. [3]. The 
most interesting general point arising from these in- 
vestigations is the violent free-radical behaviour of 
<u0;3*, owing to the n, hole which not only can 
extract a strongly bound d electron from the 
quencher, but also can abstract a H atom by C-H 
disruption from organic molecules. Obviously, such 
a reactivity suggests more than strongly that all of the 
electron density of the n, optical electron has been 
centered in the uranium Sf by the absorption pro- 
cess [1,4]. 

Electron transfer from metal ions to (UOi’)* is 
therefore a most plausible mechanism accounting for 
the quenching of its luminescent state, but the 

attempt [2, 31 to correlate quenching constants 
k, to ionization energies I, of gaseous metal ions 
seems, at least for (UO:‘)*, rather unjustified. 

In fact, all I, of the metal ions already investigated 
are larger than the II, energy in (UO:‘)*. Moreover, 
the calculated energy (-23 eV) [5, 61 of this latter 
M.O. may be suspected to be overestimated, in which 
case the highest occupied orbitals (HOMO) of MZ’will 
be placed much lower than the adcepting 71, M.O. of 
<uo:+)*. 

Chemical ionization energies I, of aquo-metallic 
cationic complexes are therefore a much more 
appropriate choice for HOMOs energies. 

It can immediately be seen, from the I, = 36 kK t 
0.807 E&K relation, where E, is the one-electron 
standard oxidation potential of Mz [7], that I, < l,, 
thus placing the HOMO above the 71, of (UO$‘)*. For 
instance, calculated from E, [8] I, are for aquo-: 
Ag’ r 6.16, Fe’+ = 5.23, Hgz+ z 5.37, Mn’+r 5.98, 
Co2+ z 6.3 1, Ce3+ r 6.06 e. V, which are far lower 
than the I, of: Ag’ = 21.5, Fe2+ = 30.6, Hg:’ = 26, 
Mn2+= 33.7, Co2+= 33.5, Ce3+ = 33.3 e. L! 

The above I, do not, however, satisfy any rela- 
tion such as ln$ = A - BI,, as seen from the values 
of Ink, for: Ag = 21.97, Fe2+= 20.32, Hgs’ = 20.72, 
Mn 2+ = 15.04, Co2+ = 16.09, Ce3+ = 12.62 W’ 
set-’ [2]. 

In their study of (UOz’)* quenching by metal ions, 
Burrows et al. used the Evans [9] mechanistic 
approach which can be applied to uncharged organics 
and which can be summarised by the relations: 

lnY = ln(k,/kd - k,) 0~ AC* and AC* oc I, t C 

for: 

AS+Q 2 (AS/Q) k r (A&, 

where: AS is the excited molecule, Q the quencher, 
(AS/Q) the proximity pair, k, the rate constant of 
diffusion to form (AS/Q), k, the rate constant for 
diffusion of (AS/Q) out of the solvent cavity, AC* 
the energy of activation for the electron transfer 
reaction and C comprises terms related to the solva- 
tion of a pair of ions. 

To obtain a relation such as Ink, = A - BI,, which 
has been suggested [2] as rationalizing the quenching 
effect on (UOz+)* of various metal ions, one must use 
the above relations as: 

y=e-aAG* , AC’ = B(I, + C), 

giving: 

Ink, = -BI, + ln [a/( 1 - y)kd] - BC, 

where y = k&l . 
Even if hydration is assumed to contribute only 

slightly to the overall energy change [2], it is not 
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easy to assert that y is of the same size for all the 
metal ions studied in [2] and [3]. For instance, it 
can be reasonably anticipated that k, for Co:. and 
Fez is of the same order of magnitude, but k, for 
Cog is 9.7 X lo6 and k, for Fezi 6.7 X 10’ M-’ 
see-l. It may be argued that 7 << 1 for weak 
quenchers, but in that case it would be implausible to 
assume, for example, that b is approximately the 
same for Cezl and Cug. 

Practically, M$ to (UO;+)* electron transfer re- 
quires overlap of the donating metal ion orbital with 
M.O.‘s of the excited uranyl ion and it can be easily 
seen that one-electron d orbitals can nicely match the 
rr, M.O. of (UO;+)*, and that filled d or p orbitals 
can simultaneously overlap with the n, M.O. and one 
of the virtually atomic f,,,,, or fi~x~-,,~~ components 
of the 6, M.O. of (UO:?*. 

Efficient overlap can then lead to exciplex forma- 
tion, following a (UO$‘)* encounter with M”and giv- 
ing a (UO’,)* solvated pair with M”+ ’ )+ before degra- 
dation takes place. 

These latter paths can be supported by the very 
interesting result of Burrows et al., revealing the 
formation of Mn3+ in the presence of photo-excited 
uo;+. 

Consequently, at least for the M”’ studied in [2] 
and for some of those investigated in [3] , a plausible 
mechanism would be: 

kd 
(UO;p* + M=+ _ 

ti 
(UO;+)*---M” 

;kE (~0; _ Mcz+l)+)* 

k-E 

+!.?_ (UO;)*___M(Z+‘)+ 

for which 

kg = KdEks = k,, r-r 

4 (*Ag+) &* 

\ 
.*pp T 

Figure 1. Semilogarithmic plot of Stern-Volmer constant 
kw versus E,‘. A: Matsushima’s et al. data for electron 
transfer quenching [ 31 ; B: Burrows et al. data (21; linear 
regression coefficient: 0.729 for A, 0.659 for B. 

with k, then depending on the energy AGe of forma- 
tion of the exciplex from (UO;‘)* and M”and on the 
activation energy AC* for the (UOi)*---MC’+‘), for- 
mation. 

AGe = I, - EA - E, t E,+, where I, is the chemical 
ionisation energy of M$, E, the 5f electron affinity 
and E, the rr, + Sf excitation energy. The additional 
term E,c represents the energy necessary to overcome 
electrostatic repulsion and bring the partners to a 
suitable distance for orbital overlap. 

This energy term E,, can be given by: 

E,, = (z t l)e2/e,,, 

where e is the solvent dielectric constant and where 
p’ can, as a limiting distance, be taken as the sum of 
radii of maximum density of the Sf U in (UOz?* (pv) 
and of the d or p orbital in Mg(p,). 

Ink,, (= lnbr) is then expressed by: 

AGe t AG* 
Ink sv = - 

RT 
t ln((ur) 

= ln((ur) + 
(EA + Ei) (I, + AG*) 

RT - RT - 

(z t l)e2 

RTep’ 

where LY is the pre-exponential factor in the k,, 
AG* relation and where I, t AC* may not vary signi- 
ficantly for one metal ion to another, since the lower 
the I, (and therefore the larger the electron donnor 
orbital expansion) and the better the overlap (and 
therefore the more robust the exciplex), the higher 
the activation energy AC*. 

To check this assumption lnksv was expressed as a 
function of E,,e only. 

p’ values were obtained by taking (on the basis of 
the value 0.95 a.u. for 5fU [lo]) as a reasonable po 
value 0.4 au. and adding to this pM values for isolat- 
ed M2’. pr,,, were calculated by the Xa method for Ag’ 
(4d”), Cu2+ (3dg), Hg2* (Sd”), Zn2+ (3d”), Mn2+ 
(3d’) and Ce3+ (4f), and the pM values for the other 
M” were taken as those of the corresponding atoms 
and corrected for orbital contraction on the basis of 
calculated PM for the previous cations. PM value for 
Fe3+ has not been calculated, since k, value for this 
ion is not sure [2]. 

As can be seen from fig. 1A and lB, the In kSv vs 
E,, is quite well obeyed, when Matsushima’s er al. 
data are taken for all ions quenching (UO;?* by 
electron transfer, except Ag’. 

With Burrows et al. [2] data, Ce3’deviates serious- 
ly as well as Ag’ and Tl’. Ce3’ deviation cannot be 
easily explained. For all M"' the actual p,(Mza are 
certainly larger than the Xa calculated PM (M’+), 
and it is possible that for Ceii, PM (MzJ/p, (M”> is 
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larger than is the same ratio for the other Mg. This 
(but with an opposite effect) may also be the reason 
of the Ag& and Tl& deviations. Till being higher than 
1, the &.,, (M&)/p, (M’) for these cations are expect- 
ed to be lower than the analogous ratios for the other 
Mz, owing to a different aquo-field (i.e. Ag(OH& to 
compare with M(OH&‘). 

Interestingly enough, the slope (40.2 e-V_‘) of 
the lnksv vs. E,t plot with Matsushima’s et al. data 
(except Ag3 gives R = 1.92 cal (deg. mol)-’ and that 
(25.1 eV_‘) of the plot with Burrows er al. data 
(except Ag’, Tl’, Ce33 gives R = 3.08 cal (deg. mol)-‘, 
which is not unsatisfactory. 

As we already mentioned, the actual PM for Mti 
must be larger than the &., (M”) which were taken 
for the present calculations. Nevertheless, this does 
not greatly affect the value of the slope of lnksv 
vs. E,,l, but only alters the value of the intercept. 

Finally, it is seen that k,, values are for most 
quenchers higher in [3] than in [2]. As pointed out 
in [2], this comes mainly from the uranyl ion con- 
centration, which was lower in [3] and, in fact, ex- 
planations of this effect can be found in two recent 
papers [ll]. 
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