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The Effect of

Light Intensity on the
Efficiency of
Photochemical Energy
Conversion through
Electron Transfer™

Paul Suppan*

The thermodynamic properties of light have been the subject of debate for many years.
The fundamental question of wether light has a thermodynamic entropy has been dis-
cussed of theoretical grounds but so far no experimental data have been available to settle
the argument one way or the other. Yet the implications of an entropy content of light are
far-reaching from the point of view of practical applications (energy conversion) as well
as from that of fundamental knowledge: If light has a thermodynamic entropy, then it
cannot be converted entirely into electrical or mechanical energy and the conversion effi-
ciency decreases with the intensity of light. — In this paper the basic assumptions of the
entropic and non-entropic models of light are briefly reviewed. It is then shown that the
photochemical electron transfer reaction which is involved in the quenching of the fluores-
cence of some oxonine dyes by electron donor aromatic molecules supports the non-entro-
pic model, which means that the entire energy of light is in principle available in the form
of chemical free energy (or electrical or mechanical energy) independently of light inten-
sity.

1. The Nature of Light in
Thermodynamics

ciency which can be attained is of prime
importance. Among the various factors

In any process of transformation of the
energy of light into other forms of energy
— electrical energy in particular — the effi-
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which can limit the conversion efficiency
the most general is thought to be the ther-
modynamic limitation linked to the en-
tropy of light.

In its simplest form this entropy of
light is that lost by the source of tempera-
ture T, which has radiated an energy E,
AS = E/T,. The temperature Ty is then
also a temperature of the light!, and this
can be expressed according to the Planck
radiation law as
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It is further held that the temperature of a
directional beam of light (concentrated in
a solid angle Q) is lowered when it is ab-
sorbed since its entropy increases as the
directionality is lost; the relevant solid an-
gle increases from Q to 4z and the tem-
perature of the absorbed or scattered
light becomes simply
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For a fixed narrow frequency range the
temperature of light depends then only on
the irradiance E,, that is on the intensity
expressed for instance in watt per square

metre. The calculation shows that the
maximum energy conversion efficiency

n=(Ty— Ty)/Ty

is of the order of 0.7-0.8 for sunlight if
the temperature 7§ of the absorbing sam-
ple is of around 300 K. As the intensity of
the light decreases the maximum conver-
sion efficiency decreases very slowly on
account of the logarithmic dependence of
Ty on irradiance.

This model of light as a form of heat,
that is a form of energy endowed with en-
tropy, suggests that the population N* of
excited molecules must be related to the
population N° of ground state molecules
through a Boltzmann distribution:

N* = N°exp(E/kTy)

in the dark, and

N*¥= Nexp(E/kT,)

in the light, for an excited state energy E.

This is a clear analogy between the effects
of light and of heat on a chemical sample.
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pete with fluorescence emission of a rate
constant of around 10° s™'. The experi-
mental evidence based on the energetics
of photoinduced electron transfer is there-
fore firmly in favour of the model of light
as a form of high-grade energy.

4. Conclusion

We have started with a theoretical dis-
cussion of the thermodynamic properties
of light, the fundamental question being
wether light (or electromagnetic radiation
in general) contains a thermodynamic en-
tropy related to light intensity. If this
were the case, then the maximum attain-
able efficiency of conversion of the energy
of light into chemical free energy would

be limited and would depend on light in-
tensity.

The actual conversion efficiency can be
measured through the energy balance of
photoinduced electron transfer reactions.
These reactions take place with high effi-
ciency even in conditions in which the en-
tropic model of light implies that they
should be highly endergonic, thus giving
firm support to the non-entropic model of
light (light as a form of high-grade
energy, against light as a form of heat
energy).

This conclusion reinforces the justifi-
cation for the development of photo-
physical/photochemical methods for the
conversion of solar energy into other
forms of high-grade energy anywhere in

CHIMIA 42 (1988) Nr_4 (April)

the world; the conversion efficiency
would be quite as high on a rainy day in
Switzerland as on a blistering day in the
Sahara.
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