Another Early Root of Physical Organic Chemistry
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Pierre Laszlo

This paper deals with building an identity for the new sub-discipline of physical
organic chemistry. It addresses its historiography: a consequence of Whig history,
as pervasive as it is implicit, is the standard account of the rise of a field. It is
ascribed in this case to Hughes and Ingold in the 1930s and to Louis P. Hammett’s
Physical Organic Chemistry (1940). The standard account often masks or omits
earlier and nevertheless seminal publications. To turn to the historical long haul
—the longue durée dear to Fernand Braudel- offers a better perspective. I have
drawn attention already to Sidgwick’s contribution at the very beginning of the
twentieth century with Organic Chemistry of Nitrogen.

Here, I turn up an even earlier milestone. Linear free energy relationships come
close to a defining feature of physical organic chemistry, ever since Hammett’s
monograph. But when did they originate? Indeed the historical long haul provides
the answer.

To evaluate the relative strengths of organic acids was a priority during the
second half of the nineteenth century, even before the contributions by Arrhenius
and Serensen. A key episode was Wilhelm Ostwald’s 1884 paper, introducing a
novel measurement of acidity. It did so by first mining the history of chemistry
and rediscovering Wilhelmy’s work from 1850. It gave Ostwald the clue he needed
to devise a measurement of the strength of acids, from their ability at catalyzing
sucrose inversion. Thus, he correlated thermodynamics (acid strength) with kine-
tics (reaction rates). Hence the importance of this breakthrough as an antecedent,
avant la lettre, to physical organic chemistry.

Introduction

Fragmentation of the scientific enterprise into sub-disciplines is also a structu-
ring process. It involves defining a more or less virgin field of study, an innovati-
ve set of methodologies for studying that field. Most important, the new subdisci-
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pline gives itself both principles and aporias, that is to say, its blind spots:
assumptions which, as a rule, are manifestly untrue but turn out to be necessary
simplifications.

In retracing the origins of a subdiscipline, some of the main relevant questions
concern the pioneers, their social and disciplinar context, and of the time of occu-
rrence of the key or supposedly key events. Other important and related questions
are those of possible influences from nearby disciplines, such as for chemistry,
physics or biology; the relevant forces, whether individuals were involved or whe-
ther it was collective activity, the result of some dominant intellectual configura-
tion or fashion; quantitative evidence, such as crystallization of a number of sub-
disciplines when a discipline becomes heavily populated; the attendant question
of clans with their respective leaders, who may introduce differing and sometimes
conflicting research styles.

The subdiscipline focussed upon here is physical organic chemistry. The standard
account of its coming into existence stresses Hughes and Ingold’s work in England
during the 1930s; 12 publication by the American Louis P. Hammett of a book
entitled precisely Physical Organic Chemistry in 1940; and frequent statements
about work by lone pioneers, especially Arthur Lapworth and Arthur Michael at
the end of the nineteenth-beginning of the twentieth century.

For full disclosure, I should make it clear that I was a physical organic chemist
for the whole duration of my career as an active scientist, from 1960 until 1999.
Moreover, I have already published a companion paper on another early root of
physical organic chemistry, dealing with publication in 1910 of Sidgwick’s book,
Organic Chemistry of Nitrogen.?

The approach chosen

Linear free energy relationships will serve as our guides. They were a standard
and a most important tool in physical organic chemistry.4567 They embody a
correlation between thermodynamics and kinetics. Those are not necessary corre-
lations, logically speaking. They are empirical, part and parcel of an aporia which
indeed is one of the foundations of physical organic chemistry. Such correlations
were rooted in a study by Wilhelm Ostwald, who himself founded physical che-
mistry, the predecessor to physical organic chemistry: that is the point I wish to
bring up and to stress.

The paper involved® was published when Ostwald was 30 years old. He had been
appointed a professor at the Riga Polytechnic three years earlier. At that time,
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Ostwald was very much outside the mainstream of organic chemistry. He was an
outsider geographically, he had studied at the University of Dorpat, under
Russian rule, at a big distance from the great German centers of chemistry.
Dorpat is a city to the northeast of Riga. Both towns were already part of the same
Livonian Confederation from the Late Middle Ages.

Moreover, whereas his contemporaries concerned themselves with novel substan-
ces and reactions, Ostwald’s concerns were more fundamental. He strove to
understand the forces at work in holding molecules and in determining reactivity.

The French physicist Biot, the inventor of polarimetry, had discovered sucrose
inversion, i.e., the hydrolysis into glucose plus fructose. He also found that the
transformation is catalysed by acids.” Several decades later, Berthelot would
report that the same process is also catalyzed by enzymes, such as invertase, as
he termed it because of its action.!%11 The 1870s and 1880s were a period when
organic chemists were striving to find an objective means for measuring the rela-
tive strength of acids. Ostwald’s idea was to exploit the hydrolysis of sucrose, to
measure its rates under catalysis by various acids and thus to gauge their
strengths.

His was a meticulous study, indeed one finds abundant reference in the subse-
quent literature to the data he gathered. Ostwald studied the catalytic activity of
no fewer than 32 different acids, of various structural types.

He used polarimetry for this purpose. Ostwald chose this technique simply becau-
se this was how Biot had discovered sucrose inversion. The technique is well-sui-
ted for monitoring the phenomenon. The reaction is slow enough, at room tempe-
rature, that it can be followed for several hours. Moreover, the observation tech-
nique not only is non-destructive, it does not interfere in any way with the pro-
gress of the reaction.!? In addition, the intervening decades, since the first pola-
rimeters were built in Paris by Soleil and his son-in-law Duboscq, had seen major
improvements in design.!® The instrumentation available to Ostwald was easy to
use, quite accurate and furthermore recourse to the sodium D line made it
monochromatic.'4 Ostwald used a Laurent-type polarimeter,'® built in Berlin by
Franz Schmidt and Herrmann Haensch, who had set-up their instrument-making
company in 1864.

Ostwald’s historical erudition

Let me call attention to a most interesting feature of Ostwald’s personality. He
was acutely interested in the history of the discipline. He knew its bibliography
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inside out. Thus, there were at least two antecedents to his work which he was
well aware of, and which he refers to explicitly in his paper. Let us now consider
them. His paper starts with a quotation from Biot’s paper, which Ostwald repro-
duces in the original French.

The text of the Biot quote reads: “Des observations comparatives, faites ainsi sur
divers acides employés a des doses connues, liées a leurs poids atomiques, présen-
teraient vraisemblablement des résultats trés dignes d’intérét; mais je n'avais ni les
moyens ni les connaissances nécessaires pour les suivre fructueusement sous ce
rapport.” Ostwald chose to read these lines from the French physicist in a pres-
criptive and programmatic sense: his own work will fulfill the void, glimpsed by
Biot and which he had been unable to fill.

The second paper that Ostwald quotes had another physicist for its author.
Ludwig Wilhelmy was working in Berlin. This young scientist was independently
wealthy, which enabled him to purchase one of the early research polarimeters.!®
He applied it to the phenomenon of sucrose inversion.!” In so doing, Wilhelmy dis-
covered mass action law. However, his groundbreaking study fell into oblivion, he
was not a chemist and in the 1850s and 1860s chemical science had other, major
interests, at a distance from kinetics. This was the period for the blossoming of
structural theory. Mass action law was rediscovered by Guldberg and Waage in
1864 which further pushed Wilhelmy’s contribution into oblivion.!® When van’t
Hoff was about to publish in 1884, unbeknowst to him, a near duplicate of
Wilhelmy’s paper, Ostwald, who knew his chemical history, had to warn him off.

The aftermath

The contemporary context was ionic dissociation theory: after Arrhenius wrote his
doctoral thesis on the conductivity of electrolytes. The significance of van’t Hoff’s
i-factor, the multiplier necessary to make the gas law extendable to solutions, was
pointed out by Arrhenius, but Ostwald made it much clearer than Arrhenius had
been able to do.

Ostwald contributed significantly to ionic dissociation theory. He would point out
in 1887 that osmotic pressure is proportional to the number of the dissolved par-
ticles, and he would formulate the same year 1887 the dilution law, which he sho-
wed to be applicable to several hundreds water-soluble acids and bases. In so
doing, Ostwald again helped to clarify and extend the concepts of both Arrhenius
and van’t Hoff.

When Ostwald launched the discipline of physical chemistry and the attendant
journal, Zeitschrift fiir Physikalische Chemie the same epochal year 1887,19 there
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was no move of his to set-up a sister or a daughter sub-discipline of physical orga-
nic chemistry.

When he turned to kinetic data for measuring the relative strengths of organic
acids, this was an astute means for answering a then burning question. In so
doing, Ostwald was bridging thermodynamics and kinetics in a way which was
rediscovered only half-a-century later, with the first instalments of formal physi-
cal organic chemistry. Linear free energy relationships tap into the same vein
that Ostwald had pioneered.

Why then has Ostwald’s role as an effective founder of physical organic chemistry
not been properly recognized? There are two answers to this question. The first,
already alluded to, is that his founding physical chemistry just a few years later
has totally eclipsed his 1884 contribution linking thermodynamics and kinetics.
The second is the embedding in textbooks of Ostwald’s study of sucrose inversion
as catalyzed by acids: as a classic of chemical kinetics already in the years to
follow.20.21,22,23,.24.25 Noreover, it entered the teaching laboratory as an experi-
ment which most students of organic and / or physical chemistry —the latter espe-
cially, for a reason too obvious to be commented upon— repeated for many genera-
tions. It was inexpensive in materials. It served as an initiation into a powerful
physical method, polarimetry, and it taught students how to use a polarimeter.
Sucrose inversion was slow enough that the transformation could be monitored
over several hours. Last but not least, it served implicitly as a celebration of one
of the giants of chemical science. As a selection of just a sampling of textbooks and
of articles in chemical education shows, Ostwald’s study of sucrose inversion beca-
me statufied as a landmark in the training ritual for students of che-
mistry.26.27.28,29.30,31,52,33,34,35,36,37.38,39.40.41 Ttg very enshrining as a milestone of
chemical kinetics shrouded it; it was not viewed (as it might have) as bridging
thermodynamics and kinetics and thus as a forerunner of physical organic che-
mistry. The year 1887, with Ostwald’s founding physical chemistry in that year,
came too close to the year 1884: the kinetics of sucrose inversion 1884 paper beca-
me assimilated into physical chemistry, instead of being identified as one of the
earliest interfaces between organic and physical chemistry.

Conclusion

This particular example brings up a first point, sometimes history serves as a
pointer to the advancement of science. The past may be the best guide on how to
orient one’s research in the future.
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Another point is the masking of Ostwald’s role as a pioneer of physical organic
chemistry. Since, in the late 1880s, he was the inventor of physical chemistry as
a discipline, it eclipsed his early contributions in defining physical organic che-
mistry in its aims and methods. A roadsign used to be ubiquitous at railroad cros-
sings in France: beware, a train can hide another. Likewise, the birth of a subdis-
cipline can hide another!

My final point, one that I have tried repeatedly to stress, is that often chemical
history makes sense only in the long haul, the longue durée of Fernand Braudel.*2
Only by enlarging the temporal scope can one understand properly the events and
the attendant evolution.
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