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Synopsis. The theoretical upper limit of the
quantum efficiency of Redox Chemiluminescence is shown to
be 1.0 for both energy sufficient and energy deficient systems;
whether the oxidant and reductant are generated in situ (as
in ECL) has no effect on the chemiluminescence efficiency.

Electron transfer or redox chemiluminescence in-
volves the conversion of chemical energy to light. The
early experimental inquiries) were augmented by the
theoretical considerations put forth by Marcus? and
Hoytink.® The most common light producing se-

quence involves radical ions (A™ and D) undergoing
a homogeneous electron transfer reaction in fluid so-
lution :

A"+D > A+D+h (1)

The nature of the emitted light (Av) has allowed iden-
tification of the luminescors in many systems as 'A*,
1D*, (AD)* or (A),*.4% It is convenient to classify
redox chemiluminescence systems as energy sufficient
or energy deficient, depending on whether the enthalpy
of Eq. 1 is greater or smaller than the first excited singlet
energy (E,) of the luminescor parent compound. Ways
for obtaining singlet emission from an energy deficient
system will be discussed further on in this paper.

An important property of all useful redox chemilumi-
nescent systems is the quantum efficiency, @, defined
as the number of photons emitted per radical ion an-
nihilation. It has recently been demonstrated that
@, the fluorescence quantum efficiency determined
from optical excitation, does not represent an upper
limit for @, because the chemiluminescence excitation
reaction path may be more efficient than the optical
excitation route.®)

Recent papers dealing with redox chemiluminescors
have examined their practical applicability as display
devices?~?) or a new type of laser.1%1) While exploring
practical applicability, some of the new papers have
introduced a number of contradictory claims which
involve erroneous interpretation of the theoretical work
of Hoytink and Marcus. For example, the paper by
Schwartz, Blakeley, and Robinson® claims that the
maximum theoretical efficiency of an energy sufficient
ECL system is 0.828, while that of an energy deficient
(T-route) system is 0.414. This is contradicted by
Pighin® who reported that the maximum theoretical
efficiency of an energy deficient system is 6.6%, (based
on photons/electron). Rather than retracing the lines
of thought that lead to the erroneous numbers 0.828
0.414, and 0.066, which are amply documented in the
original papers themselves, we should briefly establish
the correct conclusions based on the work of Marcus
and Hoytink primarily.

The radical ions themselves are doublets, hence the

pure spin-statistical prediction for Eq. 1 is

- + 1 3
AT+ D - 8 + T, (2)
where S stands for singlet and T stands for triplet.
Although it is possible to trace the quantum efficiency
from Eq. 2, it would, in effect, be totally unwarranted.
In the theory of Marcus the spin-statistical contribu-
tion is subject to the rate constant k£ for the electron
transfer

k= o Zexp {—AG*=|k,T}, (3)
and the potential energy curves (G vs. Reaction Co-
ordinate) incorporate the ‘orientation polarization’
factor. The activation barrier in the electron transfer
step is strongly affected by the ‘orientation polariza-
tion’, which in turn may involve a transition state with
a virtual charge distribution corresponding to (A%~
D2+) for example.?) Not only does Marcus’ theory
mitigate against blind reliance on the simplicistic spin-
statistical approach when dealing with fluid solution
media, but it would specifically make quick dissipation
of ~3 eV unlikely by non-radiative means—such as
required by Eq. 2 in case of an energy deficient system
for 259%, of the redox events; i.e., producing S, rather
than 1S* in the present notation.

Hoytink expresses the rate constants as

1
Kginglerr = IKd exp {_AHS*/kT} (3a)

and

Kungior = Ko exp { — AH{KT) (3b)
Hence only for the special case when the exponential
terms are equal would Hoytink’s work support Eq. 2.
Once we emphasize the importance of specific terms
that vary from system to system, we can proceed to
set maximum quantum efficiency limits.

Considering Eq. 1 in some detail, we find that the
over-all light production scheme involves competing
reaction paths:

.k
A 4D N 15% 418,
N sT* 4 15, 4
kQ
— 15 + 15,

For an energy sufficient system utilizing an efficient
fluorescor parent compound, the upper limit of @y
or @y is 1.0 when k;>k,4ky. For an energy de-
ficient system when k,>k,+ky, the number of redox
events also represents the upper limit of triplets pro-
duced. In this case, corresponding to E-Type delayed
fluorescence,!?) thermal activation of 3T* gives
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thermal
3T* > lS* (5)
activation
Consequently the maximum quantum efficiency of an
energy deficient system is also 1.0.

We must emphasize the tenacious nature of Eq. 5
at this point; the type of thermal activation occurring
in the case of eosin is not characteristic of many other
systems. Also, and this is perhaps even more important,
the presence of ionic species in the chemiluminescence
solution (and the additional presence of a large excess
of supporting electrolyte ions in an ECL system) can
be expected to quench some of the triplets, hence cut
the efficiency of possible thermal activation. There-
fore, we should consider an alternative ‘energy-doubling’
process, triplet-triple annihilation or TTA:?

BT* + 3T* - ls* + ISO' (6)
This would lead to the production of one excited singlet
per two redox events, giving @y or @, =0.5 as the
maximum value. Reliance on spin-statistics only
(ignoring quintets) gives 1/4 1S*+3/43T* per TTA, a
prediction which is once again unwarranted.

In closing, we should re-emphasize that various
types of losses do occur in actual chemiluminescence
and ECL systems. One loss that does not occur at
practical concentrations of luminescor parents is elec-
trochemical destruction of cations at the anion-generat-
ing pulse and vice-versa (except at the very first in-
stant when the pulse is switched). The losses in the
‘triple step’ experiments of Faulkner!®) do not carry
over to the typical double potential step mode of elec-
trogeneration.

Combining the recent calculations of Measures!)
with the 209, efficient ECL system available,'%1%) one
finds that laser action is not improbable in these systems;
further investigations and improvements should be con-
ducted, nevertheless, by observing the proper relation-
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ship between spin-statistics and chemiluminescence

quantum efficiency.
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