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Since Khan and Kasha' proposed nearly three decades ago
that luminescence may be observed by direct energy transfer
to an acceptor M from excited molecular oxygen pairs in
energetically favorable situations (cf. eq 1), there has, until
recently, been no experimental evidence to support this view.
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Indeed, Ogryzlo and Pearson? and Wilson® provided evidence
to suggest that, in the cases of the very weak singlet-oxygen
(1Ag)-sensitized fluorescence of both violanthrone? and rubrene,’
the process involved sequential excitation of the acceptor
according to eq 2. In contrast, 2 decades later, papers by
Krasnovsky and Neverof*~6 claimed to establish the operation
of eq 1 on the basis of steady-state experiments, and recently
Krasnovsky and Foote’ have claimed further support for this
mechanism on the basis of time-resolved experiments using Cg
as the 'A, sensitizer and tetra-terz-butylphthalocyanine (TTPC)
as the acceptor of dimolecular (dimol) excitation energy. In
this paper we report that, in the case of a phthalocyanine with
an absorption maximum exactly coincident with the dimol
emission maximum at 703 nm, namely 2,3,9,10,16,17,23,24-
octahexadecylphthalocyanine (OHPC),? the sensitized lumines-
cence proceeds via the stepwise mechanism of eq 2, and that
this process is independent of the 'A, triplet sensitizer. In our
opinion, there is no evidence for the dimol-sensitized process
ofeq I.

Laser excitation at 355 nm of 2-acetonaphthone (3 x 1073
mol L") as the triplet sensitizer® in aerated benzene containing
OHPC (1076 mol L") led to results in complete experimental
agreement with those published by Krasnovsky and Foote” using
Ceso and TTPC; i.e., the key findings were (a) delayed OHPC
luminescence at 706 nm with a lifetime (15 & 1 us) half that
of the 1270 nm 'A; monomol emission (31 £ 2 us) and (b)
initial 706 and 1270 nm emission intensities (I70s and I,270)
exhibiting respectively quadratic and linear dependencies on
laser excitation energy.'”

Scheme 1 forms the framework for the subsequent mecha-
nistic discussion for a sensitizer S and fluorophor M. The first
point to emphasize is that competition for 3S* (reactions a and
b) by oxygen (2 x 1073 mol L™! in aerated benzene, k &= 3 x
10° L mol~! s7') and a low triplet energy acceptor M (1076
mol L™, k & 6 x 10° L mol~! s™!) means that the relative
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concentrations of 'A, and *M* produced by these processes
would be of the order of 1000:1. If 3M* lies >4 kcal mol™!
above 'Ag,'? the equilibrium between these species, (Scheme
1, f vs g), would lie further to the left than this by a factor of
>20; i.e, the fast exothermic process (g) would result in the
establishment of an equilibrium between 'A, and 3M* within
150 ns of the laser pulse. Given this scenario, Scheme 1
includes the three mechanisms which are consonant with the
lifetime and laser energy dependence data, i.e., the claimed
dimol mechanism’ (c, d, and e), that previously proposed by
Ogryzlo and Pearson? and Wilson® (f, g, and h), and the classical
T—T annihilation process (i, j, and k).'*

Since the steady-state fluorescence intensity of OHPC is no
different in oxygen than in nitrogen-saturated benzene, there
is, in principle, a straightforward way to distinguish between
these three processes: variation of the oxygen concentration,
When 3S* is inherently long-lived, as in the cases of 2-acet-
onaphthone and Cgp, the initial 'A; concentration will not be
affected by increasing the oxygen concentration above that of
aeration, a fact readily verified by monitoring /270. In addition,
while the several orders of magnitude lower equilibrium
concentration of 3M* will decrease linearly with increasing
oXygen concentration, that of 'Ag will be effectively unchanged,
again readily verified by monitoring Ij379. Thus, assuming one
unique mechanism, the three possible consequences on Irgs of
varying the oxygen concentration above that of aeration would
be (1) no effect (dimol mechanism,’ reactions c, d, and e in
Scheme 1),' (2) inverse proportionality to the oxygen concen-
tration (f, g, and h in Scheme 1), and (3) inverse proportionality
to the square of the oxygen concentration (T—T annihilation,'*
i, j, and k),
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Figure 1. Plot of the initial emission intensity at 1270 nm, 1270, vs
the laser energy per pulse for 2 x 107> (A) and 1072 mol L' ()
oxygen concentrations. Inset: Time-resolved 1270 nm emission decay
with first-order fit after laser excitation of 2-acetonaphthone (3 x 1073
mol L™!) at 355 nm in aerated benzene containing QHPC (107% mol
L1, 6.8 mJ/pulse, 100 mV/division, 20 us/division, k¥’ = 3.3 x 10*
S—l, 11270 = 350 mV.

We have performed a series of experiments of the type already
described using a range of oxygen concentrations (2 x 1073
(aerated)—2 x 1072 mol L™!). There was absolutely no change
in the kinetic parameters of the emissions. However, whereas
as anticipated the 1270 nm emission intensity remained un-
changed (Figure 1), the delayed fluorescence intensity at 706
nm was linearly and inversely proportional to the oxygen
concentration, In Figure 2, it is demonstrated that plots of Iz
vs I1270% (cf. ref 7) are linear, but the gradients are inversely
proportional to the oxygen concentration, the ratio of the slopes
for2 x 1073 and 5 x 1073 mol L' oxygen being almost exactly
2.5, in complete accord with the mechanism summarized by
steps f, g, and h in Scheme 1 (¢f. eq 2). We have demonstrated
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Figure 2. Plots of I vs l1279° for 2 x 1072 (a) and 5 x 107 mol
L1 (0J) oxygen concentrations. The ratio of the slopes is 2.52. Inset:
Time-resolved 706 nm emission decay with first-order fit after laser
excitation of 2-acetonaphthone (3 x 107% mol L™!) at 355 nm in aerated
benzene containing OHPC (107 mol L~!), 8.3 ml/pulse, 10 mV/
division, 10 us/division, X’ = 6.4 x 10* s7, I56 = 26.3 mV,

the same behavior in corresponding Ceo-sensitized experiments
(cf. ref 7), and the clear conclusion is that in these systems,
there is no evidence for dimol sensitization. Since, as empha-
sized, the absorption maximum of OHPC is exactly coincident
with the dimol emission maximum, it would appear that other
chemical systems are also unlikely to exhibit dimol sensitization.

Acknowledgment, We wish to thank the EPSRC (U.K.) for
financial support and Dr. N. B. McKeown of this department for a
generous gift of OHPC. Experiments were performed at the Paterson
Institute for Cancer Research, the Christie Hospital and Holt Radium
Institute, Manchester.

JA9527131



