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setting the scene
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Elimination of Psychologism
“I said above that the work of the scientist
consists in putting forward and testing
theories. The initial stage, the act of
conceiving or inventing a theory, seems to
me neither to call for logical analysis nor to
be susceptible of it. The question how it
happens that a new idea occurs to a man –
whether it is a musical theme, a dramatic
conflict, or a scientific theory – may be of
great interest to empirical psychology; but it
is irrelevant to the logical analysis of
scientific knowledge.”

Karl Popper. 2002. [1959.] The Logic of Scientific Discovery. Routledge. P. 7.
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Kekulé’s Dream
“During my stay in Ghent I resided in
elegant bachelor quarters in the main
thoroughfare. My study, however, faced a
narrow side-alley and no daylight penetrated
it. For the chemist who spends his day in the
laboratory this mattered little. I was sitting
writing at my textbook but the work did not
progress; my thoughts were elsewhere. I
turned my chair to the fire and dozed. Again
the atoms were gamboling before my eyes.
This time the smaller groups kept modestly
in the background. My mental eye, rendered
more acute by repeated visions of the kind,
could now distinguish larger structures of
manifold conformation: long rows,
sometimes more closely fitted together all
twining and twisting in snake-like motion.”
Translated from a lecture by Kekulé (1890) by O. Theodor Benfey
(1958, Journal of Chemical Education, Vol. 35, Issue 1, pp. 21–23).
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Kekulé’s Dream
“But look! What was that? One of the snakes
had seized hold of its own tail, and the form
whirled mockingly before my eyes. As if by a
flash of lightning I awoke; and this time also
I spent the rest of the night in working out
the consequences of the hypothesis.
Let us learn to dream, gentlemen, then
perhaps we shall find the truth.
And to those who don't think
The truth will be given.
They'll have it without effort.

But let us beware of publishing our dreams
till they have been tested by the waking
understanding.”
Translated from a lecture by Kekulé (1890) by O. Theodor Benfey
(1958, Journal of Chemical Education, Vol. 35, Issue 1, pp. 21–23).
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Discovery / Justification
“There are […] no generally applicable ‘rules
of induction’, by which hypotheses or
theories can be mechanically derived or
inferred from empirical data. The transition
from data to theory requires creative
imagination. Scientific hypotheses and
theories are not derived from observed facts,
but invented in order to account for them.”

Carl G. Hempel. 1966. Philosophy of
Natural Science. Prentice Hall. pp. 15–16.
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Discovery / Justification
“In his endeavor to find a solution to his
problem, the scientist may give free rein to
his imagination, and the course of his
creative thinking may be influenced even by
scientifically questionable notions. Kepler's
study of planetary motion, for example, was
inspired by his interest in a mythical doctrine
about numbers and a passion to demonstrate
the music of the spheres. Yet, scientific
objectivity is safeguarded by the principle
that while hypotheses and theories may be
freely invented and proposed in science,
they can be accepted into the body of
scientific knowledge only if they pass critical
scrutiny […].”

Carl G. Hempel. 1966. Philosophy of
Natural Science. Prentice Hall. pp. 15–16.
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Discovery / Justification
On reflection, this is something of a baby-with-thebathwater situation.
We would certainly not wish to claim that scientific
theories are derived from data, nor would we want to deny
that ideas of questionable provenance can prove to be
correct.
But this does not mean that it is impossible to provide an
insightful (and more than ‘psychological’) analysis of how
scientific hypotheses are generated – for 99% of scientific
activity, in any case.
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* footnote
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The Building Block Strategy
Kärin Nickelsen suggested in a recent paper (2009) what
she called the “building block strategy”, where new
theories are generated from “building blocks” such as:
1. the standard knowledge of the time,
2. one’s own achievements in earlier studies,
although not necessarily in the same field of
research,
3. some highly successful concepts employed
by others to explain related phenomena.
Nickelsen, K. 2009. The construction of a scientific model: Otto Warburg and
the building block strategy. Stud. Hist. Philos. Biol. Biomed. Sci. 40: 73-86.
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OxPhos

11

Peter Mitchell and
the Chemiosmotic Theory
British biochemist, 1920–1992.
Educated in Cambridge, worked there until
1955, then Edinburgh University until 1963,
when he founded a private research institution
(Glynn House, in Cornwall).
Mitchell, P. 1961. Coupling of Phosphorylation
to Electron and Hydrogen Transfer by a ChemiOsmotic Type of Mechanism. Nature 191:
144-48.
Nobel Prize in Chemistry 1978, “for his
contribution to the understanding of biological
energy transfer through the formulation of the
chemiosmotic theory”.
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Slater – Mitchell – Today
Slater hypothesis

Chemiosmotic theory

Published in 1953 in Nature, and
modelled on Glycolysis.

Mitchell in Nature, 1961. A
membrane (M) separates two
aqueous compartments (L, R). The
membrane contains an electron
transport system (above) and a
reversible ATPase system (below).

Step 1: Components of the
respiratory chain (AH2, B) produce a
high-energy intermediate A~C.
Step 2: The A~C is used for ATP
synthesis.
(Step 3: If no ADP is available, A~C
slowly decays.)

Alberts’ Molecular
Biology of the Cell
Today’s textbook representation is
essentially identical to Mitchell’s
proposal.

1
2
3
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Osmotic Barrier
Mitchell’s dissertation work had been on the mechanism of
action of penicillin. His main area of work in the 1950s
concerned bacterial protoplasmic membranes.
In 1956, he and his long-time collaborator Jennifer Moyle
proposed that the permeability of the bacterial membrane is
specific, dependent on the presence of enzymes in the
membrane (Mitchell and Moyle, 1956a).
In the same year, Mitchell and Moyle found that the
cytochrome system of bacteria is located in the membrane,
suggesting a close resemblance between bacterial
membranes and the inner mitochondrial membrane (Mitchell
and Moyle, 1956b).
Mitchell and Moyle’s papers in the late 1950s mainly
concerned membrane transport and its mechanisms.
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Transport of Protons
By 1960, the mechanism of protonmotive systems was widely
discussed. These could be driven by hydrolysis of ATP or by a
redox or photo-redox mechanism.
Mitchell, as a symposium held in Stockholm in the summer
of 1960, suggested that both types of systems could exist
independently.
In his 1961 paper in Nature, Mitchell connected the notion of
a charge-separating electron-transfer system to multiple prior
works (some as old as 20 years), and referred to a 1960
review by R. N. Robertson in Biological Reviews. A key
suggestion in the review was presented graphically:
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Reversible ATPase System
Also at the Stockholm symposium (1960), Mitchell
speculated about the function of a (hypothetical) Glucose-6phosphatase if it were embedded anisotropically in a
membrane with a pH and membrane potential difference
across it. He concluded:
I need hardly point out that a similar, but greater, asymmetry of
electrochemical hydrogen ion activity to that considered in the above
example, could be responsible for converting the ATPases of the particulate
systems of photosynthetic and oxidative phosphorylation into the ATPsynthesizing catalysts.

In his 1961 Proceedings of the Biochemical Society paper, he
put all of these building blocks together:
(i) Electron transfer, driven by oxido-reduction or photons, occurs
vectorially across a membrane, separating aqueous phases A and B.
(ii) Process (i) effectively generates H+ in A and OH– in B.
(iii) The membrane is relatively impermeable to ions […].
(iv) The membrane contains an anisotropic adenosine triphosphatase
system […] catalyzing the reaction:
phosphate + ADP ⇋ ATP + H+ + OH-.
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conclusions
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Rethinking Discovery and Justification
No need to throw out the baby with the bathwater: In principle,
discovery and justification are independent. Nevertheless,
previously justified knowledge generally provides the building
blocks out which future theories are constructed. We should try to
understand how this works. (This is a messy project, but such is life.)
The OxPhos case study shows that “the building block strategy” is
applicable to non-trivial, indeed highly original hypotheses.
Whether it is a useful philosophical tool for understanding the
genesis of many or most scientific theories is largely a historical
question.
Ceterum censeo, historians and philosophers of science will live
together or die alone.
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