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Oxygen Electronic States
Jean-Pierre Puttemans and Georges Jannes, DOI: 10.1021/ed081p639.1

Interesting example of electron distribution over degenerate
levels

MO model predicts the existence of three forms of oxygen,
three electronic states

Explains paramagnetic character of the ground state, a triplet
state

Triplet state: 2S + 1 = 3, 2e in π∗ orbitals with parallel spins
according to Hund’s rule
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The first excited state is 1∆g

1∆g has outer electrons orbiting in the same sense and are
paired in the same orbital

The second excited state is 1Σ+
g

1Σ+
g has the outer electrons orbiting in opposite directions

and each π∗ MO is singly occupied
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Oxygen Electronic States
Jean-Pierre Puttemans and Georges Jannes, DOI: 10.1021/ed081p639.1

The relative energies of the O2 singlet excited states is not
intuitive

The energy order is surprising and opposed to common sense

One would expect the electronic repulsion to be lower if the
electrons were to occupy different MOs

The simple orbital description alone ignores electron
correlation due to mutual repulsion between all electrons in
the molecule

All electrons in the molecule tend to synchronize their motion
to keep apart as much as possible
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The lifetime will be shortened in the presence of other matter
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Photodynamic Therapy
The sensitization of cancer cells to light, DOI: 10.1021/ed076p592

Photodynamic therapy (PDT) takes advantage of light,
oxygen, and a drug (photosensitizer)

The drug preferentially localizes in rapidly growing
(malignant) cells

Typical drugs for PDT are hematoporphyrin derivative, Hpd,
and its active component, Photofrin II

Hpd is formed by acid-catalyzed acetylation of
hematoporphyrin, and subsequent alkaline treatment

Hpd preferentially localizes in tumors of mice and rats and
can be detected by its fluorescence
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Hpd has photodynamic activity, it can augment or induce a
toxic reaction when exposed to light
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Photodynamic Therapy
The sensitization of cancer cells to light, DOI: 10.1021/ed076p592

After the drug is administered, an incubation period is
required

During incubation, normal cells clear the drug but malignant
cells accumulate it

Incubation time ranges from minutes to hours, depending on
the drug

The target tissue is then irradiated using visible light (630 nm)

In the presence of light the drug is activated to produce
singlet oxygen; singlet oxygen reacts with biological molecules
leading to cell death
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Photodynamic Therapy
The sensitization of cancer cells to light, DOI: 10.1021/ed076p592

The sensitizer absorbs a photon of energy and is promoted to
its first electronically excited singlet state, S1

The energy of S1 can be lost in a variety of ways, as shown in
a Jablonski diagram

It may fluoresce or transfer its energy to surrounding molecules

If S1 engages in electron transfer with a biological molecule,
the photosensitizer will be bleached unproductively (Type I
photoprocess)

S1 can also undergo intersystem crossing to an excited triplet
state T1; T1 can then either phosphoresce, or react with
triplet oxygen, 3O2, to return to the ground state while
making singlet oxygen (1∆g state)
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Fossil fuels, H2, carbohydrates are spoken of as the major
energy sources in chemistry or biology

These compounds are some of the most stable molecules
found in nature

They are made of strong bonds and have little tendency to
combine with other molecules

Hydrocarbons were called “parrafins” because of their low
tendency for reaction
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By contrast, O2 is a diradical held together with a bond
energy of just 496 kJ/mol

The oxygen atom forms two strong bonds in each of the
combustion products

CO2 (799 kJ/mol) and water (926 kJ/mol)

Every mole of oxygen that reacts releases an average of 460 kJ
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The weak bonding in the O2 molecule makes combustion one
of the most exothermic reactions in chemistry

The bond strengths of the organic molecules or H2 are very
similar to those of the combustion products

Thus, in a chemical sense, the oxygen molecule is the energy
source

The other “fuels” are merely vehicles to allow oxygen to form
strong bonds in the combustion products

The relative scarcity of compounds to react with plentiful
oxygen leads to an underestimation of the importance of
oxygen
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The heat of combustion of any organic molecule can be
calculated approximately by merely balancing the reaction and
determining how many moles of oxygen are consumed

For example, oxidation of methane uses two moles of O2 per
mole of CH4 releasing ca. 2 × 460 = 920 kJ/mol of methane

The experimental heat of combustion of methane is 890
kJ/mol

Glucose combines with 6 O2 for complete conversion to CO2

and H2O so 6 × 460 = 2760 kJ

The experimental value is 2801 kJ/mol of glucose
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That oxygen is the energy source is obvious in biological
systems

ATP bonds generated in glucose metabolism derive from
oxidation of H atoms removed from the organic substrates

Aerobic metabolism of a glucose molecule uses 6 O2 and can
generate 38 ATP bonds

Anaerobic metabolism generates only 2 molecules of ATP per
glucose molecule

The small quantity of energy required for those two ATP
bonds comes from rearranging the oxygen atoms of the
carbohydrate molecule to generate products with improved
bonding and no oxygen is consumed
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Textbooks point out that fossil fuels and carbohydrates derive
their chemical energy from the sun

Methane is abundant on many planets and moons far from
the sun

Free oxygen is found on none of them

Oxygen atoms out there are all bound up with C, H, Si,
metals, etc.

While earthly “fuels” may result from the sun’s energy, it is
really the O2 molecules generated during photosynthesis that
trap the energy of the sun and facilitate life on earth
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metals, etc.
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really the O2 molecules generated during photosynthesis that
trap the energy of the sun and facilitate life on earth
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It is surprising that so many hydrocarbons can survive their
constant exposure to O2

Why don’t we just burn up? (spontaneous human
combustion)

O2 is highly reactive thermodynamically, but kinetically
unreactive
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Appreciating Oxygen
Hilton M. Weiss DOI: 10.1021/ed085p1218

Its two unpaired electrons have the same spin, so the first step
of any reaction with a closed-shell molecule must generate
two radical products with the same spin

These are usually high-energy intermediates so their formation
is slow

Once reaction is initiated, subsequent reactions continue the
chain leading to CO2 and H2O

Antioxidants function by forming stable radical products
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