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Preface

[P]hysical investigation, more than anything besides, helps to teach us the ac-
tual value and right use of the Imagination . . . which, properly controlled by
experience and reflection, becomes the noblest attribute of man; the source
of poetic genius [and] the instrument of discovery in Science . . .

B. C. BRODIE, SR.!

We chemists talk in our own special language . . . [I]n the final analysis we
think in definite ideas [in bestimmten Vorstellungen], according to which we
tell beforehand the course of the phenomena to be examined or confirmed
by experiment. If we want to make ourselves understood, it is necessary
that such associations of ideas [Ideenassociationen] be self-evident for both

speaker and listener. THEODOR CURTIUS?

For the past several years, Science magazine and the Na-
tional Science Foundation have jointly sponsored a “Sci-
ence and Engineering Visualization Challenge,” a program
designed to celebrate and reward the creation of beauti-
ful scientific imagery. The winning entry for 2006 was a
computer-generated rendering of five famous mathematical
surfaces. The images’ creators, Richard Palais and Luc Ber-
nard, pointed out that more than beauty is involved. They
wrote, “Mathematicianshavealwaysneeded to‘see’the com-
plex concepts they work with in order to reason with them
effectively. In the past, they conjured up mental images as
best they could, but the wonders of computer graphics pro-
vide them with far more detailed pictures to think with.”?

1. Brodie, address by the president (1859), 165.
2. Curtius, Bunsen als Lehrer (1906), 4.
3. Nesbit and Bradford, “2006 Visualization Project” (2006), 1729.
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PREFACE

Such historians as Martin Rudwick in the history of the earth sci-
ences, Gerald Holton and Arthur Miller in Einstein studies, and Peter
Galison in twentieth-century physics are representative of a movement
of scholars who have been concerned to demonstrate the essential role
of visual culture within the history of science. Many have rightly ar-
gued that images can serve not merely as discretionary illustration, but
as constitutive elements of scientific argument. Norton Wise has urged
historians to bridge the gulf between scientists’ use of analogies and
models on the one side, and their use of the visual and other senses
(including visual mental images) on the other, by exploring what he
calls a “materialized epistemology.” And Ursula Klein has helped open
our eyes to the transformations that “paper tools” have effected over
the last two centuries.*

The present work has much in common with the contributions of
these scholars, but offers a somewhat different orientation. For one
thing, I want to focus not on material images or paper tools such as
diagrams, pictures, or other physical representations, but on what these
things suggest for understanding more broadly how scientists think
through their work. I want to examine historically the role of the visual
imagination in the pursuit of science. My sense is that human minds
work far more visually, and less purely linguistically, than we realize.
Jacob Bronowski once wrote, “Many people believe that reasoning, and
therefore science, is a different activity from imagining. But this is a
fallacy . . . Reasoning is constructed with movable images just as cer-
tainly as poetry is.”s If this is true, then we need to focus far more than
we have on the role that such “movable [mental] images” have played
in the history of scientific thought.

The second way in which my approach differs from most past
studies is my choice of field of application. I suggest that chemistry—
nineteenth-century chemistry in particular—holds a special place in
this story, since the primary objects of chemical investigation, atoms
and molecules, were and are beyond the direct reach of our bodily
senses. In fact, I argue that it was chemists who were the first to move

4. Wise, “Making Visible” (2006), 81-82. In coining this term, he is intending to generalize
Pamela Smith’s phrase “artisanal epistemology”; Smith, Body of the Artisan (2004), 59. See also
Klein, Experiments, Models, Paper Tools (2003); and Klein, ed., Tools and Modes of Representation
(2001).

5. Bronowski, Visionary Eye (1978), 21. For examples of those who have explored this issue, see
Nersessian, Faraday (1984); Nersessian, “Opening the Black Box” (1994); Miller, Imagery in Scien-
tific Thought (1986); and Gooding, “Picturing Experimental Practice” (1998). A fuller discussion
of this historiography is found in the last two chapters of this book.

xii



PREFACE

beyond high-level philosophical speculation regarding the unseen mi-
croworld, pursued since antiquity, into the kind of productive, empiri-
cally founded, and heuristically powerful investigative programs that
have since become routine.® The origin of this new phase dates to the
years just after 1800, when such workers as John Dalton and Jacob Ber-
zelius began aggressively to pursue the chemical atomic theory. From
about 1850, a new generation of chemists found that they could go
much further than even Dalton and Berzelius had, building reliable
and productive theories of intricate molecular architecture, sight un-
seen. All of this was well under way when the community of physicists
began to follow a similar path.

For centuries, chemists and other natural philosophers had been
pondering the invisible microworld. Only now, in the early and mid-
dle decades of the nineteenth century, were these conceptual forays
transformed into an epistemically robust methodology that could be
employed to confidently explore many of the intriguing details of that
world. A habitual and recurrent (though nearly invisible) pillar of that
methodology, I propose here, was the productive use of the visual imagi-
nation. I do not suggest that visual imagery was a new part of chemistry
in the nineteenth century. Nor do I believe that that this was the only
mental skill required of scientists; nor that the people I study here held
a monopoly on this skill. Quite the contrary: I believe that mental visu-
ality has been an important element of scientific thinking throughout
history, though there has always been a wide range in the degree of vi-
sual skills and proclivities across the spectrum of scientific mentalities.
What I do want to propose is that many nineteenth-century chemists
learned to apply the technique with particularly pointed effect. They
combined their mental images with complex chains of inference reach-
ing from the sensual world right down to the microworld, also using
heuristic symbolic tools of paper and of wood, successfully connecting
macroscopic evidence to their imagined tableaux.

The magnitude of the chemists’ achievement is insufficiently ap-
preciated. Then as now, most chemists live in a world of beakers and
flasks, boiling liquids, distillations, recrystallizations, titrations, and
so on. Their encounters with matter are all in the world of sensed
experience—actual solids, liquids, and gases transforming themselves

6. This historical claim is elaborated and defended here passim, but most pointedly in the
last chapter of this book. I use the word “microworld” to signify not that which is visible through
microscopes, but rather atoms and molecules, which are orders of magnitude smaller than Robert
Hooke’s fleas or Antonie van Leeuwenhoek’s animalcules.
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PREFACE

from one physical state to another and from one set of sensual prop-
erties to another. From the evidence derived solely from such macro-
scopic “wet-chemical” manipulations, chemists learned how to explore
fine details of the unseen world of atoms and molecules vicariously,
and to do so with considerable epistemological confidence. That was a
truly heroic intellectual accomplishment—and one that conferred ex-
traordinary new technological power. The spectacular rise of the fine-
chemicals industry in the second half of the nineteenth century was
made possible largely by this new scientific understanding.

Considering how completely this knowledge has transformed our
world, the history of its development is still little explored, by compari-
son (for instance) to nineteenth-century biology, geology, or physics.
Much of the history of nineteenth-century chemistry has been written
with a trajectory from John Dalton to Stanislao Cannizzaro to Dmitrii
Mendeleev, then to J. J. Thomson, Ernest Rutherford, and Marie Curie.
Considering the subsequent history of chemistry and physics, this ap-
proach to the nineteenth century appears eminently reasonable. But
in the present work I propose a different and arguably more historicist
trajectory, one that moves in a synthetic rather than analytic direc-
tion, from Dalton and Berzelius to August Kekulé, Archibald Couper,
Emil Erlenmeyer, Aleksandr Butlerov, Hermann Kolbe, Adolphe Wurtz,
Edward Frankland, J. H. van’t Hoff, Adolf Baeyer, and Emil Fischer. Be-
yond question, for those who actually lived through the period, the
dominating story in chemistry of the 1860s, 1870s, and 1880s was nei-
ther the periodic law, nor the search for new elements, nor the early
stages of the study of atoms and molecules as physical entities. It was
the maturation, and demonstration of extraordinary scientific and
technological power, of the “theory of chemical structure”—loosely de-
fined, a set of ideas that enabled one to succeed in tracing and portray-
ing the exact way in which atoms are connected up with each other to
form molecules.

This book has three interconnected strands. First, I wish to show
how nineteenth-century chemists created a version of “transdiction”
or distant inference to the microworld, one that was more powerful
than any hitherto deployed. A second objective is to explore some of
the mental and material techniques that enabled them to do this. It
is obvious that one cannot convincingly achieve either of these his-
torical goals without putting a good deal of scientific flesh on the skel-
eton, following many of the details in the story of how these chains of
inference were gradually constructed and tested. So the present work

xiv



PREFACE

also pursues a third end, a careful study of the development of struc-
ture theory. A spectacular historical instance that I will be using in
later chapters as an emblem of the whole is the claimed discovery that
one particularly important organic substance, benzene, consists of in-
visibly tiny molecules, each possessing six carbon atoms arrayed in a
symmetrical hexagonal “ring,” with each carbon atom bearing a single
hydrogen atom on the outside of the circle. I propose that the success
that chemists achieved in exploring and manipulating such shadowy
objects was materially promoted by their ability routinely to use the
visually imagined microworld in scientifically productive ways.

Two of the best-known and most dramatic instances of the use of the
scientific imagination are the famous autobiographical anecdotes told
by the German organic chemist August Kekulé (1829-96). In a speech
given in the last decade of his life, Kekulé recounted how two reveries
had led him first to the discovery of the theory of chemical structure,
then to the theory of the benzene ring a few years later. These stories
have been retold innumerable times, both credulously and incredu-
lously, but they have often been manhandled out of recognition in the
act of retelling. Certainly, they have never been investigated with a full
understanding of the historical and cognitive context into which they
must be fit—a prerequisite that must first be met before using them
(along with much other evidence) to draw conclusions about the na-
ture of scientific creativity.

Frederic L. Holmes has justly remarked, “it is from finely detailed
case studies of the investigations of highly creative scientists that we
are most likely to reach eventually a clearer understanding of the gen-
eral nature of creative imagination in science.”” So an essential aspect
of my study of the rise of structure theory is to place Kekulé’s work
in such a more finely detailed context, for I believe that Kekulé was
the most supremely successful practitioner of the creative intellectual
skills that lie at the heart of the transition I want to study. In the pro-
cess, I will also closely examine several of Kekulé’s mentors, students,
associates, rivals, and enemies, from ca. 1840 to ca. 1890, as well as
the particularly instructive case of one of Kekulé’s most eminent senior
contemporaries, Hermann Kopp (1817-92).

My ambition here is not just to write a good history of these events
(though I do indeed aspire to that goal), but also to explore why it is

7. Holmes, Lavoisier (1985), xvii. See also Holton, Scientific Imagination (1978); and Gruber and
Bodecker, Creativity (2005).
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PREFACE

that so many members of the chemical community were approaching
this set of ideas, from slightly different directions and with slightly dif-
ferent conceptions, at about the same time. The answer to that riddle is
not just a matter of the massive development of the empirical content
of the science (though this surely played a role), nor is it simply the
intensive communications and common sharing of tools, both physi-
cal and intellectual, among our cast of characters (which interaction
is densely instantiated in the following chapters). It also involves the
increasing ability of many leading figures in this scientific community
to “see” with their mind’s eye, in ways that earlier had not been as pos-
sible, or had not become customary to the same degree.

This work elevates scientific thought to center stage. Like other mor-
tals, scientists influence—and are powerfully influenced by—the eco-
nomic, social, cultural, and political currents of their day. Yet from
the perspective of the working scientist, the cognitive details of their
work form a vibrant foreground for their life, and the internal dynamic
of the details of that foreground are “as fresh and new, as underdevel-
oped, as urgently in need of more concentrated, penetrating analysis
as is the study of the social dimension” of scientific work. These again
are the words of Larry Holmes, written a generation ago, but the asser-
tion is just as true today.® It is equally relevant to suggest that issues
of personality often become central for historical understanding; we
cannot hope to recapture major pieces of a person’s idea-world with-
out understanding something of his psychology and character. As his-
torical sociologists and social historians have rightly emphasized, sci-
ence is manufactured by whole personalities in rich social contexts,
not by free-floating automatons. Robert Richards has remarked, “[W]e
catch ideas in the making only when we understand rather intimately
the character—the attitudes, the intellectual beliefs, the emotional
reactions—of the thinkers in question. Without an initial plunge into
personality, logical analysis of the connections of their ideas will be
blind, and social construction of their theories empty.”® In line with
these suggestions, in this book I aspire to establish robust interconnec-
tions between empirical evidence, personality and psychology, histori-
cal context, and the mental images that I believe often materially assist
the scientist in the course of fruitful investigation.

8. Holmes, “Fine Structure” (1981), 60.
9. Richards, Romantic Conception (2002), 5. Note the allusion to the famous Kantian apho-
rism: “thoughts without content are empty, intuitions without concepts are blind.”
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The first chapter of the book turns on a pivot named Alexander Wil-
liamson (1824-1904), the English chemist whose landmark paper of
1850 provided more than one new impulse in the science of chemis-
try. We follow his intellectual formation and set the broader context of
what the field looked like on the eve of his entry into the profession. We
will see that in Williamson’s and other chemists’ work there appears a
curious tension between two opposing visions of how the microworld
might appear if it were of a size susceptible to sensual observation; we
will continue to encounter this same tension through the rest of our
study. The first of these imagined ontologies takes its cue from parts of
Newtonian physics and presents a scene of whirling atomic-molecular
particles. At first glance this may seem to be the same as that hypoth-
esized by certain obscure early-nineteenth-century physical theorists
interested in mathematically reproducing the known empirical laws
governing the behavior of gases. However, the chemists’ dynamic mi-
croworld, represented in the imaginations of Williamson and others,
was distinct from that of early kinetic-molecular theorists. Instead of
positing inertial motion and elastic billiard-ball transfers of momen-
tum as some physicists did, these chemical theorists rather vaguely in-
voked a more direct analogy to the solar system and the operation, in a
manner never fully specified, of the force of universal gravitation.

The second vision that we find in Williamson and in many of our
other protagonists has some commonality with that of the caloric the-
ory of gases, as well as with the sorts of micromodels that had previ-
ously been invoked to understand the science of crystals: more or less
stationary fundamental particles held in determinate geometric arrays.
In the first third of the century this vision had proven particularly at-
tractive to certain chemists who incorporated it into coulombic (polar
electrostatic) theories of chemical composition, but then in the 1840s
these electrochemical theories were strongly opposed by the important
French theorists Auguste Laurent and Charles Gerhardt. As a young
man, Williamson spent three years in Paris under the influence of
Laurent and Gerhardt, and this probably formed one reason why Wil-
liamson was so powerfully attracted to the alternative dynamic chemi-
cal model. But the irony is that from Williamson on, new experiments
by these reformers appeared to lead inexorably toward a molecular
world in which atoms were viewed to hold roughly stationary positions
within the molecule, after all—though not, it would seem, in any sort

xvii
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of electrochemical fashion. Williamson and Kekulé, as well as a num-
ber of other chemists of their day, appeared to live (in their mind’s
eye) in both of these imagined worlds, and none was ever fully able to
resolve the obvious contradictions between them.

Kekulé and his work until 1864 is the focus of chapters 2, 3, and 4.
Williamson was the most important influence in Kekulé’s coming of age;
in his five semesters as a lecturer at the University of Heidelberg Kekulé
both synthesized and fruitfully extended the ideas he had absorbed
from Williamson and others. These chapters portray Kekulé as having
particularly well-developed powers of mental visualization, probably
aided by his early training in arts, crafts, and architecture. Particular
attention is paid to his printed sausage-shaped “graphic formulas” (by
which was meant fully resolved structural formulas, explicitly mapping
all the connections of every atom in the molecule), and to the wooden
models of molecules that he used in his teaching. I argue that, like his
mentor Williamson, Kekulé was committed to a realist-mechanist ori-
entation toward the molecular world, rather than to the more abstract,
conventionalist, or positivist style of Gerhardt, who in many other re-
spects was so influential for both Williamson and Kekulé. The case for
this viewpoint is laid out in some detail, both because in the existing
secondary literature Kekulé has so often incorrectly been portrayed as
an acolyte of Gerhardt’s chemical epistemology and because the point
is important for the broader argument made in this book. Kekulé’s state-
ments were occasionally ambiguous, sometimes deliberately so. We will
see that arriving at any consistent understanding of Kekulé’s molecu-
lar epistemology is challenging under all circumstances and impossible
without a broad understanding of both text and context.

Kekulé was not the only important protagonist in the rise of the set
of ideas that was ultimately consolidated under the rubric “structure
theory”; for example, in addition to Williamson, Adolphe Wurtz, Emil
Erlenmeyer, Hermann Kolbe, and Edward Frankland also played vital
roles. At the time of the birth of the theory all of these men occupied
respected positions in their field. Chapter 5 looks at four outsiders—
Archibald Couper, Joseph Loschmidt, Aleksandr Butlerov, and Alexan-
der Crum Brown—who at this time were relatively new to the science,
but who made their marks in sometimes transformative ways during
the years 1858-64. All four had definite ideas on how molecules should
be conceived by the scientist and best represented for heuristic pur-
poses. A tour of these figures provides a fuller understanding of the
range of responses, opportunities, and creative options that were avail-
able during these tumultuous years in the science, and suggests par-
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tial reasons why priority disputes, then and now, have raged with such
vigor (and occasionally vitriol).

Chapter 6 takes a closer look at the interesting case of Hermann
Kolbe, who energetically denied that one should ever use one’s imagi-
native or visualizing faculty in the pursuit of science; certainly, he af-
firmed, he would never commit such a blunder. He thus forms a contrary
instance with which my various positive instances can usefully be com-
pared and contrasted. (Kolbe was a fine chemist; whether he possessed
sufficient psychological insight for accurate self-reflection is a separate
question.) The crucial case of aromatic compounds, centered on the
substance benzene, forms the central focus of chapter 7. Chapter 8 ex-
plores the rise of explicitly three-dimensional thinking in chemistry,
in the development of the subfield known since about 1890 as stereo-
chemistry. We revisit in this chapter the two alternative (dynamic ver-
sus static) chemical ontologies outlined above, and make some compar-
isons to the rise of kinetic-molecular theory among the physicists just
at this time. Chapter 9 looks at the case of Hermann Kopp, whose fanci-
ful 1882 exploration of the idea-world of atoms and molecules contains
much humor, but also much solid content worth pondering. The chap-
ter concludes with a look at a humorous chemical lampoon issued in
1886, in the same year as the important third edition of Kopp’s fantasy.

In chapter 10 we return to the famous stories that Kekulé told as the
guest of honor at the elaborate “Benzolfest” of 1890 and explore what
these anecdotes, if taken as sincerely told, might suggest concerning
the nature of scientific thought. The final section of this chapter exam-
ines “eureka experiences” more broadly and suggests that unconscious
cognition, as arguably in the Kekulé case, can sometimes form a vital
element of scientific thought. I also affirm that such episodes must be
seen in the context of all the other more familiar aspects of scientific
work. Chapter 11 provides a final summation and analysis. The first
two sections of this chapter examine mental imagery both theoreti-
cally and phenomenally and explore some of the methodological chal-
lenges that intrude when the historian attempts to incorporate them
into his view of the past. In the last section I summarize and further
refine the argument for a special role for chemistry in the history of the
exploration of the unseen microworld.

Much of the scientific subject matter of this book is drawn from organic
chemistry. Readers who are familiar with this science will find the sci-
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entific material smooth sailing, but they might stumble over some of
the historical terminology. In facing the problem of using historical ac-
tors’ terms or contemporary terms, I have tried to steer a middle course,
in order to capture much of the historicity of the language without
unnecessarily impeding understanding for those to whom modern ter-
minology is second nature.!?

I hope equally to engage readers for whom modern chemical lan-
guage and ideas are not second nature. As is portrayed especially in
chapters 2 and 5, the basic rudiments of structural chemistry are as
readily accessible as are the beloved (and visually rich) Tinkertoy con-
structions from our youth. Let me address chemically untutored readers
for a moment. Imagine a special set of Tinkertoys in which the wooden
centers come in four different varieties rather than the single one nor-
mally found. One kind of wooden center is painted white and possesses
a single hole in which a stick may be inserted. A second type is painted
red and has two holes in it; a third is painted blue and possesses three
holes; and a fourth kind is painted black, each one of which has four
holes in it. The first kind represents atoms of hydrogen or chlorine (H
or Cl), the second kind, atoms of oxygen or sulfur (O or S); the third,
nitrogen or phosphorus (N or P); and the fourth, carbon (C). The cen-
ters of any and all colors can now be connected together at will, using
the single-color, single-length wooden sticks that come with this spe-
cial Tinkertoy set.

This then represents a simple version of the theory of valence. At-
oms of each element can form only certain numbers of bonds to other
atoms—each atom of hydrogen typically to only one other atom of any
other element, oxygen to two, nitrogen to three, and carbon to four.
Hydrogen is thus monovalent, oxygen divalent, nitrogen trivalent, and
carbon tetravalent. However, in this book we will generally employ
the mid-nineteenth-century words for these denotations: hydrogen is
“monoatomic,” oxygen “diatomic,” nitrogen “triatomic,” and carbon
“tetratomic.”

Once chemists conceived of atomic valence—or “atomicity,” as they
called it until about 1870—they could explore the possibility of con-
structing molecules, in thought, following those valence rules. That is
the essence of the “theory of chemical structure.” Give a child a for-
mula such as that for alcohol, C,HO, along with our special Tinkertoy

10. These readers will need to keep in mind the special (now archaic) senses in which such
terms as “atomicity,” “diatomic,” “equivalent,” “rational formula,” and “graphic formula” were
used in the middle of the nineteenth century. These historical senses are explained in the text.

XX
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set to connect the model atoms together—that is, let the child be given
two black centers, six white centers, and one red center, along with
a bunch of sticks—and he or she can merrily build several different
detailed possibilities for the fully resolved “graphic” or “glyptic” or “ra-
tional” (theoretical or structural) formula. This conception of structure
theory is almost parodic in its naiveté, and one can easily understand
why there was real resistance in the professional community to such
oversimplification. When the theory first began to be formulated just
after midcentury, the simple gamelike character of structure theory
constituted one of the most telling objections against it. Nature could
not possibly be that juvenile, many protested, and besides, what kind of
force of nature can be imagined to constitute a Tinkertoy-like “stick”?
We will see both of these tendencies, heuristic simplification and deter-
mined resistance to the same, well represented in our story.

I have attempted to maintain a certain narrative structure to that
story, but at times I have considered it useful to expand upon techni-
cal and historical-chemical details, occasionally perhaps beyond what
some readers may wish to pursue. These excursus build a more com-
plete picture of the issues faced by my protagonists, but they are not
indispensable to the book’s main thematic lines of development, and
can be skimmed or even skipped without fatal disadvantage.

As everyone must, I draw certain boundaries on my material. Al-
though I treat many personalities and events in Britain, France, and
elsewhere, the principal scene of action is the German-speaking sphere.
This limitation was drawn for both substantive and pragmatic reasons.
Substantively, it happens that the majority of the leading actors in the
development of the theory and practice of investigating molecular
“constitutions” (from, say, Liebig and Kolbe to Baeyer and Fischer) were
either German themselves or operated primarily in a German-speaking
context. Pragmatically, it is my experience that the manuscript re-
sources available to the historian, especially collections of surviving
correspondence, are more voluminous for nineteenth-century German
chemists than for French or British. This is partly due to the highly de-
centralized character of nineteenth-century German academia, which
required scholars residing in widely separated and otherwise undistin-
guished small towns such as Giessen, Marburg, and Heidelberg to rely
heavily on correspondence rather than direct personal contact for sci-
entific communication.

Footnotes employ a variety of abbreviated references; a list of these
follows. Short-title citations are given in full form in the bibliography.
All translations are my own, except where otherwise noted. Original
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foreign-language texts from translated manuscript materials (but not
from translated printed materials) are provided in the notes verbatim
et literatim, including archaic spellings and punctuation. Emphasis in
the original (i.e., underlining) is silently reproduced in italics, as are
original printed passages that appeared in German letterspacing (ge-
sperrter Text). As was usual for German printed scientific texts during
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in standard Anglo-American transliteration, except in citations from
foreign-language journals.
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But a state of rest as well? O! to believe that everything in the liquid is arranged
lock-step and in repose—that is an outdated concept, which became unten-
able when, in the March-days of the science, springtime broke out for chemi-
cal theory too (according to the calendar followed by a portion of the human
world, it was in the late summer of 1850), on the broader basis of the motion

of the smallest parts of the components of compounds. HERMANN KoOPP'

Who does not remember the revolution brought about, when Wurtz
discovered the compound ammonias and Williamson introduced the type

HHO?! CARL SCHORLEMMER?

Springtime for Chemistry?

In 1882, the eminent chemist and historian of chemistry
Hermann Kopp published an imaginative 105-page expe-
dition into the world of molecules, Aus der Molecular-Welt,
in which he exercised his (and his reader’s) “mind’s eye”
to describe anthropomorphized spectacles that are forever
hidden from the bodily eye. In addition to its wry humor,
the work is filled with obscure topical and literary allu-
sions, including the epigraph just cited, and hardly any real
scientists’ names can be found anywhere in the book—not
even Kopp’s own name on the title page.® In the epigraph
above, Kopp’s evocation of springtime and the month

1. AMW, 102.

2. Schorlemmer to Roscoe, 5 November 1881, HERC.

3. Published initially anonymously, the title page of the third edition (1886)
finally contained the name of the author, as well as that of the dedicatee, Rob-
ert Bunsen.
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of March suggests an intertwining of two metaphors: broadly, the start
of the season of blissful warmth, freedom, and growth; and more spe-
cifically, the “Mirz-Tage” that for Germans uniquely call to mind the
ebullient start of the (ultimately failed) liberal democratic revolution in
March 1848—German historians ever after having adopting the terms
“Vormairz” and “Nachmdirz” to denote the eras adjoining that water-
shed month. But to what beneficent revolution for chemical theory in
“the late summer of 1850” was Kopp pointing?

Kopp was almost certainly referring to a paper by Alexander W. Wil-
liamson, then just twenty-six years old, read at the annual meeting of
the British Association for the Advancement of Science in Edinburgh
on 3 August 1850. One piece of evidence for this is Kopp's explicit reuse
of a turn of phrase found in Williamson’s concluding sentence: “In us-
ing the atomic theory, chemists have added to it of late years an unsafe,
and, as I think, an unwarrantable hypothesis, namely, that the atoms
are in a state of rest. This hypothesis I discard, and reason upon the
broader basis of atomic motion.”* In addition to matching the “late-
summer” timing and the parallel phrasing of words, in an earlier ex-
plicitly historical account Kopp had already made clear to his readers
how very revolutionary he regarded the work of the English chemist to
have been.’

Though few chemists took immediate notice of it, Williamson’s 1850
paper was indeed groundbreaking in more than one respect. As the first
of an important series of papers on the formation of ethers, the consti-
tutions of molecules, and reaction dynamics, we will see in this chap-
ter how this work would lead to dramatic changes in chemical theory.
Though these changes can be expressed in conventional terms, the real
key to the revolutionary character of Williamson’s contributions, I sug-
gest, lay in his then-unfashionable eagerness to take seriously the real-
ity of the molecular world, even though direct sensual or instrumental
access to that level was not possible.

Whether consciously or only instinctively, Williamson understood
that molecular reality could best be grasped and explored scientifically
using vivid mental images, the very sort that Kopp would later por-

4. Williamson, “Theory of Aetherification” (1850), 356; German translation in Annalen 77
(1850): 31-49, citing the 3 August presentation date. Kopp’s source was presumably the latter.

S. Kopp, Entwickelung (1873), 736-40, 750-53, 802-8. Kopp wrote that Williamson'’s work, in
addition to exploring molecular motion, settled the difficult problem of inconsistent molecular
magnitudes, set a pattern for others to pursue the same sorts of molecular arguments, and pre-
pared the way for the discovery of valence. In doing all this, Kopp averred, Williamson helped
establish the very distinction between atoms and molecules (740, 803).
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tray so engagingly in Molecular-Welt, with the additional assistance of
“paper tools” such as molecular formulas and chemical equations. Be-
cause Williamson provides a particularly striking example of a lively
chemical imagination, because of his early and fundamental role in the
“quiet revolution” in chemistry, and because of his powerful influence
on Kekulé and on Kopp, whose work will loom large in these pages, we
need to examine this interesting figure with care.

The Education of Alexander Williamson

Born in London of Scottish parents, Williamson'’s childhood was com-
fortable, due to his parents’ substantial means.® His father, also named
Alexander, was an official in the East India House who moved in an el-
evated cultural circle that included James and John Stuart Mill. About
1840 the family relocated to the Continent, and young Alexander ben-
efited from education in Paris, Dijon, and Wiesbaden. He learned to
speak and to write nearly perfect French and German. In 1841 Wil-
liamson matriculated at the University of Heidelberg with the intent to
study medicine, but the lectures of Leopold Gmelin soon decided him
for chemistry. After three years of intensive study he transferred to the
University of Giessen to earn his doctorate with the great master Justus
Liebig, whose famous laboratory in those years had become the desti-
nation of pilgrimages by would-be chemists from around the world.
En route to his doctoral degree Williamson published three small
but excellent pieces of research in inorganic chemistry, while devot-
ing most of his attention to a new theory (of which we know no de-
tails) concerning the controverted phenomenon of electrolysis. Wil-
liam Brock justly writes of a “peculiar trait in his character” according
to which a series of obsessive secondary interests outside of chemistry
nearly always ran parallel to the research that would ultimately bring
him renown. These secondary interests, Brock notes, “sometimes show
amazing fertility of invention [but] could not fail to have dissipated
his energies.”” Williamson had an extraordinary power of imagination
combined with remarkable discipline and self-criticism. In a letter to his
father (probably from 1845) Williamson wrote, “I often find [a solitary]
walk of as much real service to me in my progress as a whole week’s la-

6. The important biographical sources are Foster, “Williamson” (1905); Divers, “Williamson”
(1907); Harris and Brock, “From Giessen to Gower Street” (1974); Paul, “Williamson” (1978); and
Brock, “Williamson” (2004).

7. Harris and Brock, “From Giessen to Gower Street,” 103.
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bour [in the laboratory]. The great difficulty in a research such as that I
am now pursuing consists not so much in performing the experiments
once fixed upon, as in inventing and choosing from those most calcu-
lated to attain the desired object.”® In all of his scientific work, a promi-
nent characteristic of his style was the meticulous and unusually clever
rational design of his experiments. “If you know clearly what you want
to do,” he wrote in another letter, “there is always a way of doing it.”?

At some point Williamson encountered difficulties that Liebig at-
tributed to his deficient mathematical training. Williamson therefore
resolved to make himself “a complete mathematician, or failing in
that to turn shoemaker.”'° For this purpose, and with the aid of a let-
ter of introduction from John Stuart Mill, Williamson moved to Paris
to study with Auguste Comte. With the help of his parents’ money,
and probably residing with them, he devoted himself for two years to
intensive study, and then spent a third year pursuing experiments in
organic chemistry. Williamson’s enthusiastic though temporary em-
brace of Comte’s “philosophie positive” could only have reinforced
those elements of critical, empirical, and skeptical approaches incul-
cated by his previous education, influenced as it was by utilitarian-
ism and the “philosophical radicalism” of his father, Jeremy Bentham,
and the Mills. One may reasonably presume that Williamson also read
in philosophical works of the day, including John Herschel, William
Whewell, and the Scottish Common-Sense philosophy of Thomas Reid
and Dugald Stewart.!!

Comtean positivism was distinct from the late nineteenth-century
positivism of Ernst Mach or that of the Vienna Circle logical positiv-
ists, for in Comte’s work there were distinct realist impulses superadded
to the dominating desire to extirpate metaphysics. Moreover, Comte
actually had a healthy respect for the beneficial role of hypotheses in

8. Quoted in ibid., 106. Williamson did not say, nor can it be inferred, to which research
project he was referring.

9. Quoted in Foster, “Williamson,” 611. Foster had access to letters written by Williamson
and since destroyed; his quotations from them fail to cite dates or addressees.

10. Williamson to [Liebig], 4 August 1847, Sammlung Wachs 628, BBAW.

11. In Scottish Philosophy and British Physics, Richard Olson offers a vigorous argument for the
importance of Common-Sense philosophy on the course of British physical science, including on
John Herschel’s influential Preliminary Discourse on the Study of Natural Philosophy (London, 1830).
One can see much in Williamson’s language and method that derives from Herschel’s book, in-
cluding a respect for the power of the method of hypothesis, a search for verae causae, and the
belief that crucial experiments could provide definitive choices between rival theories. In con-
cert with Herschel, both Reid and Stewart, and the Common-Sense philosophers more broadly,
opposed the radical skepticism of David Hume and reaffirmed the legitimacy of a search for verae
causae. Stewart also became a proponent of a major methodological theme in Williamson’s work,
what later became known as hypothetico-deductive method.
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science—even, under certain conditions, hypothetical entities that were
in principle unobservable.!? But Williamson’s friend John Stuart Mill, for
a time a positivist fellow-traveler, ended by criticizing (and severely dis-
appointing) Comte, and Williamson soon was to follow a similar path.!?

Interpreting Chemical Atoms

When Williamson and his contemporaries thought about the symbols
that appeared in the chemical formulas they bandied about, just what
did they have “in mind”? To provide even a provisional answer to this
question, we need briefly to review the early history of the atomic the-
ory in chemistry.!

In 1803 John Dalton developed a method to derive relative weights
for the presumed smallest portions (chemical atoms) of each of the
known elements, and molecular formulas for all the compounds that
they form. For Dalton and other early chemical atomists, it was neces-
sary first to assume molecular formulas for certain simple substances
in order to calculate relative atomic weights from analytical data. For
instance, Dalton posited that each molecule of water was composed
of one atom of hydrogen and one of oxygen, and he represented this
molecule by drawing two contiguous dissimilar circular symbols. With
such a presumed molecular formula, and considering the measured
proportions of the elements that form water, Dalton’s atom of oxygen
had to weigh 8 relative to the weight of his hydrogen atom (convention-
ally considered as 1, to provide a fiducial standard).’® Once one decided
upon a set of relative elemental atomic weights, any pure compound
could in principle be represented atomistically. Soon after Dalton had
shown the way, other early chemical atomists offered slightly differing
choices for assumed formulas and atomic-molecular representations.

In 1814 the London physician-chemist William Wollaston pro-
claimed that “practical convenience” rather than deep theory really
ought to be the only guide to the determination of relative atomic

12. Laudan, “Reassessment” (1971).

13. For which see Harris and Brock, “From Giessen to Gower Street,” 107, 109, and Divers,
“Williamson,” xxviii-xxix.

14. Much of what follows summarizes material in CA and in Klein, Experiments, Models, Paper
Tools (2003).

15. Dalton’s atomic weight of oxygen in 1808 was actually 7, relying on Gay-Lussac’s prior
determination that water is 87.4 percent oxygen and 12.6 percent hydrogen, since 87.4 + 12.6 ~ 7.
Soon thereafter, Berzelius determined that the first number was closer to 89 percent, hence O = 8
or 16, depending on whether one assumed HO or H,O as the molecular formula for water.
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weights, and proposed what he called “equivalents” for the elements
that nearly (but not quite) matched Dalton’s “atomic weights.” Wol-
laston’s putatively pragmatic “equivalents” proved popular in competi-
tion with the more obviously theoretically derived atomic weights that
were developed by the influential Swedish chemist Jacob Berzelius be-
tween 1813 and 1826. British chemists tended to prefer Wollaston'’s sys-
tem, whereas German chemists, such as Liebig, Friedrich Wohler, and
Robert Bunsen, preferred Berzelius’s. French chemists mostly used a
third variant, developed by Joseph-Louis Gay-Lussac and Jean-Baptiste
Dumas. Yet a fourth variant was proposed in 1842, which will be dis-
cussed below.

In short, during the first half of the nineteenth century European
chemists simply could not agree (e.g.) on whether the true relative
atomic weight of the oxygen atom was 8 or 16, or whether carbon was
6 or 12. These varying atomic weights consequently required varying
numbers of oxygen and carbon atoms in the formulas of their com-
pounds, since those who thought (e.g.) that oxygen was 8 required
twice as many oxygen atoms in their formulas as the O = 16 advocates
did. All of this worked against interpreting any one of these systems as
an actual portrayal of molecular reality.

How, indeed, should one interpret the symbols in a molecular for-
mula? Dalton thought that each of the symbols in his formulas must
signify an actual “atom,” in the sense of an absolutely unsplittable en-
tity, much like an invisibly small but very real billiard ball—which is
why he chose to represent his atoms by distinctive iconic circles, or
spherical wooden models. Few chemists thereafter took such an unre-
flectively realist position. At the other extreme, some regarded chemi-
cal formulas purely conventionally, as a mere aid to memory in rep-
resenting the empirical facts of chemical analysis and having no real
referent in the microworld at all.

There were, of course, middle positions between ontological real-
ism and extreme conventionalism or positivism. Berzelius devised the
alphanumeric system which, in slightly modified form, chemists still
use today in order to designate the presumed atomistic compositions of
molecular formulas rather than to make any detailed statement about
the nature of the atoms themselves. Each of Berzelius’s letters, such as
the three entities in his preferred water formula, H,O, might reasonably
be taken to refer to a quantity of matter, the real micro-characteristics
of which were deliberately elided. A Berzelian chemical (as opposed
to physical) atom, by this more cautious interpretation, was simply a
packet of elemental matter of a certain relative weight, a packet that



ETHER/OR

might possibly, for all we know, have internal parts or structure, but
that seemed to operate integrally across known chemical transforma-
tions. Berzelius’s approach was no less theoretical than Dalton’s, but
appeared to set epistemological limits on what was knowable about the
microworld.

As Klein has convincingly argued, a major reason for the popularity
of the Berzelian formula system was surely its semiotic ambiguity—or
flexibility. A Berzelian formula could be easily taken to occupy any
of these philosophical positions, from the extreme ontological to the
purely numerical. Independent of any particular philosophical inter-
pretation, by about 1830 these formulas began to be used by workers
such as Dumas and Liebig in a generative fashion, much as mathemati-
cians use their equations on paper or biologists use physical tools such
as microscopes, to understand the course of chemical reactions and
to provide heuristic guidance for further investigation. This marked a
major transition for the culture of organic chemistry, from what had
exhibited a predominantly natural-historical character to what now
became a highly experimental approach, with the preparation of new
artificial substances placed in the foreground. The use of Berzelian “pa-
per tools” was a sine qua non for this metamorphosis.'®

In the 1840s, the prominent French theorists Auguste Laurent
(1808-53) and Charles Gerhardt (1816-56) exemplified some of the
new possibilities. Laurent was inclined toward realism (though not of
the naive Daltonian type); Gerhardt was more of a conventionalist or
even phenomenalist. Both of these chemists had been exiled by the
powerful elite in their field from Paris to provincial professorships, in
Bordeaux and Montpellier, respectively, partly due to their unwilling-
ness to adopt the sort of politics—of both the academic and the literal
kind—that were so necessary for career advancement in Orleanist Paris.
Each migrated back to the capital, essentially unemployed, in 1845 and
1848, respectively. Despite their continuing philosophical disagree-
ments, Laurent and Gerhardt joined forces in 1843, and this partner-
ship resulted in some of the first significant steps toward understand-
ing an even more profound problem, how atoms (interpreted however
one will) might be arranged within the molecules that they form.

The question of discerning the arrangements of atoms within a mol-
ecule was a thorny one at best. Even for those inclined toward molecu-
lar realism, the practical and epistemological challenges were evident.
These challenges became even greater as the focus of the chemical

16. Klein, Experiments, Models, Paper Tools.
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community gradually shifted from inorganic substances, most of whose
molecules were rather simple, to organic compounds, whose formulas
were often dismayingly large and complicated. How could one ever
know how these atoms are internally arrayed and what those arrange-
ments might signify chemically? Or to pose the question in a more op-
erational manner: How could one possibly apply macroscopic chemical
data, which is all that chemists had to work with, to make warrantable
detailed inferences about the microworld?

Feasible initial approaches to this seemingly insoluble problem
began to come into focus after the dominant chemical theory of the
1810s and 1820s, electrochemical dualism, was weakened by four de-
velopments: the substitution of chlorine for hydrogen in organic sub-
stances; the theory of chemical and physical “types”; a hydrogen the-
ory of acidity; and a revised theory of chemical “radicals.” Laurent and
Gerhardt were involved with all of these events.

The principal architect of electrochemical-dualist theory had been
Berzelius. Following the discovery of electrolysis—dismembering com-
pounds by running a current through them—Berzelius suggested that
chemical combination must be traceable to the electrical attractions
of oppositely charged molecular components. From electrolytic experi-
ments one could array elements and “radicals” (groups of atoms that
behaved integrally, like elements) along an electrochemical scale, from
highly negative to highly positive. For instance (and for the sake of clar-
ity, employing modern atomic weights), sulfuric acid and potassium
sulfate were formulated as SO;-H,O and SO5-K,O, where the moieties
on either side of the dot were thought to cohere electrically. Acids in
general were thought to contain preformed water, and salts to contain
preformed oxides. Compounds were schematically created by addition
of moieties one to another, and everything was analyzed dualistically.

The system worked well for inorganic compounds, salts, and miner-
als, but problems emerged in the organic-chemical realm. The princi-
pal anomaly was the amazing discovery that chlorine could substitute
for hydrogen in organic compounds with minimal alteration of chemi-
cal or physical properties. This was a surprise, because chlorine and hy-
drogen were known to lie at opposite ends of the electrochemical scale,
hydrogen being highly positive and chlorine highly negative. Once the
phenomenon was established beyond doubt, Berzelius proposed an ad-
justment to the theory that could resolve the anomaly. Perhaps, he sug-
gested, certain portions of organic molecules were, in effect, insulated
from electrochemical effects. Atom-for-atom substitution could occur
in these so-called copulas, even substitution by electrically opposite
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elements, without much affecting the properties of the molecule as a
whole.

Some chemists criticized Berzelius’s copula theory as a mere ad
hoc retreat and drew a more far-reaching inference from the pheno-
menon of chlorine substitution. Perhaps the identity—electrochemical
or otherwise—of the atoms within a molecule was simply not very
important. What mattered more, perhaps, was their physical location
within the molecule. Laurent took just this inferential step and pro-
ceeded to develop an elaborate theory regarding the imputed arrange-
ments of the atoms within organic molecules—his “nucleus” theory.
Although he had been one of the earliest explorers of chlorine substitu-
tion, Laurent’s former teacher Dumas at first vigorously disagreed with
Laurent’s position. Then he changed his mind.

In papers published in 1839 and 1840, Dumas proclaimed that “in
organic chemistry there exist certain ‘types’ which are conserved even
when one has introduced, in the place of the hydrogen which they
contain, equal volumes of chlorine, bromine, or iodine.” He thought of
this concept of types as “entirely mechanical” and appeared to intend
the idea in a physical—that is, a mechanical or structuralist—sense,
for one of his analogies was to the framework of a building that could
undergo different architectural variations without changing its essen-
tial character.”” Though Dumas was deliberately vague in his language,
this clearly signaled a realist view of molecular constitutions, and
implicitly opened the door to the possibility of determining atomic
arrangements—about which prospect, however, he continued to ex-
press caution. As his student Adolphe Wurtz commented years later,
Dumas here “compared [molecules] to buildings, in which atoms, in a
sense, constitute the bricks and mortar”; molecules were conceived as
“molecular structures [édifices] that were susceptible in some cases to
modification, by the substitution of one part by another.”!®

Dumas’s “type theory” was not the only development of the day that
was suggesting a route by which chemists could begin to enter inferen-
tially into the interior of molecules. A new hydrogen theory of acidity
had recently been proposed, which sought to replace the earlier oxygen-
based theory of acids that traced its ancestry back to Lavoisier himself.
Hydracid theory had developed in stages and achieved a kind of matu-
rity in 1838, when Liebig applied it to organic acids: as the essence of

17. Dumas, “Mémoire sur la constitution” (1839); Dumas, “Note” (1839); Dumas, “Premier
mémoire” (1840); and Dumas, “Mémoire sur la loi” (1840), on 174-75, 177-78.
18. Wurtz, La théorie des atomes (1875), 25.
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salt formation Liebig pointed to the substitution of a portion of the hy-
drogen of the acid molecule by a metal or a base. The theory of hydrac-
ids shared three qualities with type theory: it implicitly distinguished
between distinct parts of a molecule; it did so in a non-electrochemical
manner; and it invoked substitution rather than dualistic addition (jux-
taposition of two components) as the primary mode of reaction.

A largely independent but convergent theoretical development was
the new (and likewise non-electrochemical) conception of organic rad-
icals that Liebig and Wohler had pioneered. In their landmark 1832
coauthored paper on the “benzoyl radical” (modern C,H;O), Liebig
and Wohler portrayed the benzoyl family of compounds as formed by
substitution of one-sixth of the hydrogen of the oil of bitter almonds
(= benzoyl hydride, C,H,O) by (e.g.) a chlorine atom. They could thus
chemically distinguish the hydrogen of benzoyl itself—in Liebig’s
words, the hydrogen that was “inside the radical’—from the hydrogen
that was substitutable by other atoms or groups—the hydrogen “out-
side the radical.” Liebig later confessed that in using these expressions
he was already thinking in 1832 of the analogy between this phenom-
enon and his incipient hydracid theory of organic acids.'” One-fourth
of the hydrogen of acetic acid (modern C,H,0,), for example, could be
replaced by an atom of sodium to form sodium acetate; this replace-
able hydrogen could be viewed, like that of benzoyl hydride, as being
located outside the main body of the acetic acid molecule. As Berzelius
pointed out privately (and vexedly) to Liebig, his language of “inside or
outside the radical” was actually derived from Laurent’s structuralist
theory of organic molecules, an association that Liebig really did not
want to acknowledge.

A former student of both Liebig and Dumas, Gerhardt decided that
a wholesale reform of chemical theory was required, and he attracted
the attention of Laurent in this endeavor. Between 1842 and 1846 the
two Frenchmen developed the outlines of their reform, which had two
major thrusts. The first was yet another revision of atomic weights. Al-
though Gerhardt proclaimed this system as radically new, in fact it was
nearly identical to what Berzelius had arrived at by 1826, which most
German (but not French!) chemists had long used. The second thrust,
which likewise addressed the problem of how to derive molecular for-
mulas from analytical data, was designed to resolve what Gerhardt and
Laurent thought was one of the greatest failures of chemical theory of
that day.

19. CA, 195.
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This failure was the inconsistent use of molecular magnitudes,
namely, the indiscriminate employment of what were called “two-
volume” and “four-volume” molecular formulas. The latter have dou-
bled atomic coefficients relative to the former so that twice as many at-
oms of all types were thought to compose the presumed molecule.?’ In
the first half of the nineteenth century, most inorganic substances were
represented by two-volume, most organic substances by four-volume
formulas, but even in the organic realm some compounds, such as
ether and oxalic acid, were given two-volume formulas. Atomic theo-
rists had adopted this mixed usage early on, in order to avoid a trou-
bling quandary following Gay-Lussac’s announcement of the law of
combining volumes (1809). This inconsistency of volumes would have
seen a kind of resolution had chemists adopted the independent and
similar proposals of Amedeo Avogadro (1811) and André-Marie Ampere
(1814), namely, that under similar conditions equal volumes of elemen-
tary gases contained equal numbers of their fundamental particles, and
that those particles divided in two in certain reactions. But there were
many compelling objections to these purely hypothetical suggestions,
and chemists understandably balked at accepting them. Consequently,
few chemists trusted relative vapor densities as a general indication of
relative molecular size.

When the two adjustments recommended by Gerhardt and Laurent
were applied, it became impossible to formulate many compounds in
a manner consistent with electrochemical-dualist precepts. The two
reformers regarded this as an advantage of the new system, for, as ad-
vocates of substitutionist and type-theoretical chemistry, they opposed
electrochemical-dualist theory anyway. One would think that the two
leaders of the international chemical community ca. 1840, Liebig and
Dumas, would have warmly welcomed this innovation. After all, each
had recently battled electrochemical-dualist theory himself—Liebig by
invoking substitutable non-electrochemical radicals and by interpret-
ing organic acids as hydracids, and Dumas by developing his theory
of types. However, in a remarkable parallel turn, both men defected
from their own theories immediately after proposing them, and gave
Gerhardt and Laurent no support whatever.

In the previous few years the discipline had been so disturbingly
roiled by the rapid replacement of one theory after another, one system

20. Readers should note that this kind of inconsistency is distinct from the “atomic weights”
versus “equivalents” problem discussed earlier. For example, the two-volume formula for marsh
gas (methane) was CH, in atomic weights but C,H, in equivalents; the respective four-volume
formulas were C,Hg and C,Hj. For details on this problem, see CA.
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of atomic weights and molecular formulas after another, that to these
and many other chemists the prospect of uniting on a single, perma-
nent, truly empirical system was attractive. The best candidate system
appeared to be that defended many years earlier by Wollaston—the ex-
plicitly pragmatic system of so-called equivalents. During a pleasure
trip undertaken in September 1838 by Liebig, Wohler, Gmelin, Hein-
rich Rose, and Gustav Magnus, Gmelin convinced his travel compan-
ions that Wollaston’s 1814 concept was purely empirical, and indepen-
dent of all theories.?! These five prominent chemists concluded a pact
not only to adopt equivalents in their own work, but to lobby for it in
the international community.

Liebig abandoned the hydracid formulations that he had champi-
oned just a few months earlier and immediately ceased his work on
chlorine substitution and his flirtations with type theory. After a few
years of vacillation, he adopted the old dualistic formulations expressed
in equivalents and no longer spoke favorably of the concept of atoms.
Dumas’s pathway was similar. Immediately after having published
four papers in rapid succession on type theory in 1839-40, he left the
subject completely and, like his German friend and rival, abandoned
active participation in virtually all theory. Nearly coincidentally, the
French government’s official syllabus for the national curriculum of
the lycées and university faculties was altered to eliminate any men-
tion of the word “atom,” and a similar change was engineered in the
Ecole Polytechnique.

This turn toward what appeared to be more empiricist, even positiv-
ist, modalities seems to have been a Europe-wide movement ca. 1840.
Comte was still publishing his multivolume Cours de philosophie posi-
tive, with the crucial third volume, covering chemistry, appearing in
1838; most chemists paid little attention to the support for the chemi-
cal atomic theory that he expressed there, preferring to read him in a
more radically antihypothetical way. Even Gerhardt felt the pull. Af-
ter 1842 he rejected any attempt to discern the arrangements of atoms
within the molecule; in his mind, the reforms he advocated so strongly
were based on formalist logic and taxonomic rationalization, not re-
alist molecular theory. He explicitly denied any and all atomistic in-
terpretations of his formulas—they were simply “reaction formulas,”
convenient summaries of empirical chemical facts, nothing more. So-

21. Though rarely doubted in his own day, subsequent analysis has cast serious doubt on
Gmelin’s claim. The following material is based on sources cited and discussed in greater detail
in CA, 177-82, and NS, 96-98 and 382-86.
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called rational formulas should be considered as nothing more than
“contracted chemical equations.”??

Berzelius and others had long used the term “rational formula,” in
contrast to “empirical formula,” to indicate ideas about the distribution
of the atoms within the molecule—“rational” here signifying “per-
taining to the exercise of reason,” i.e., theoretical. Hence, the empiri-
cal formula for oil of bitter almonds was C,H¢O, regarded as a simple
expression of chemical analysis. One possible rational formula for this
substance was H-C,H;O, which, by distinguishing one hydrogen atom
from the others, goes beyond the empirical data to make a theoretical
statement about the internal details within the molecule. By contrast
to this established usage, Gerhardt’s “rational” formulas simply sum-
marized reactions; such formulas can vary, according to the reactions
that one happens to use for a particular formulation of a particular
compound. For example, Gerhardt noted, one could equally well rep-
resent the oil of bitter almonds as containing either the radical C,H;O
or the radical C;Hs, depending on the reaction one intends to repre-
sent: “[My] principle that one and the same body can be represented by two
or more rational formulas will doubtless be contested by chemists who
presume to represent the absolute constitution of molecules by chemi-
cal formulas . . . [But] when one in a sense freezes a compound into a
single formula, one often conceals from oneself chemical relationships
that another formula would immediately make evident.”?

Laurent disagreed with Gerhardt’s rejection of inquiries into the
constitutions of molecules. He was convinced that it was necessary to
apply molecular theory to do any good chemistry at all, even if theory
were only regarded as an instrumental stepping-stone, as a heuristic aid
rather than a true depiction of the microworld. Laurent agreed with
Gerhardt that the reformed system created a more beautiful, rational,
and consistent chemical taxonomy, but he also pointed to its confor-
mity with recent ideas in the science, such as the newer theories of
types, radicals, and hydracids, each of which asserted something about
the actual constitutions of molecules.

Gerhardt did not follow Laurent’s advice. He even used equivalents,
temporarily abandoning his own reform of atomic weights in his mas-
sive textbook Traité de chimie organique (1853-56) until the last half of
the last volume, when he turned back to his newer atomic weights. The
final fascicle of this fourth volume appeared just three months before

22. Gerhardt, Traité (1856), 4:566.
23. Ibid., 4:580.
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Gerhardt’s death of a sudden fever. His comrade Laurent had suc-
cumbed to tuberculosis three years earlier. Neither man had reached
the age of forty-five.

Williamson and Graham

When Williamson arrived in Paris in August 1846, the ideas of Gerhardt
and Laurent had reached maturity, but they were not much respected,
either in France or internationally, and neither man had proper em-
ployment. It is clear from subsequent surviving correspondence that
Williamson formed a close personal and professional bond with Lau-
rent (who was in Paris when Williamson arrived there) and with Ger-
hardt (who arrived from Montpellier in March 1848). He was whole-
heartedly converted to the reformed chemistry they had outlined.
Williamson’s unconstrained individualism, imaginative approach to
theoretical innovation, and youthful confidence seem well matched to
Laurent’s fecund molecular theorizing, as well as to Gerhardt’s skepti-
cism and severity toward hypotheses.

While in Paris, Williamson's intellectual formation was to experi-
ence one more influence, that of Thomas Graham (1805-69).2* Between
about 1833 and midcentury Graham was the leading British chemist. A
native Glaswegian, Graham was educated at the University of Glasgow,
partly under the direction of Thomas Thomson. In 1837 he succeeded
to the chair of chemistry at University College London. At the time of
his call to London Graham was still a young man, but he had already
made a name for himself with groundbreaking work on the diffusion
of gases and on the constitutions of the phosphoric acids.

In 1833 Graham announced his discovery of the law of gaseous dif-
fusion: any two gases in contact with each other diffuse “by an inter-
change in position of indefinitely minute volumes of the gases, which
volumes . . . being . . . inversely proportional to the square root of the
density of that gas.” This statement is taken from the first sentence of
Graham’s paper. His last sentence was: “The law at which we have ar-
rived (which is merely a description of the appearances, and involves,
I believe, nothing hypothetic) is certainly not provided for in the cor-
puscular philosophy of the day, and is altogether so extraordinary that

24. Relatively little historical work has been done on this major figure, and his importance
to the development of nineteenth-century chemistry has not been sufficiently appreciated. See
DSB; Partington, History (1964), 265-75, 729-39; Swords, “Graham” (1973); Stanley, “Graham”
(1979); and Stanley, “Making of a Chemist” (1987).
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I may be excused for not speculating further upon its cause, till its vari-
ous bearings, and certain collateral subjects, be fully investigated.”?
This mixture of empirical caution combined with deep concern with
the philosophical investigation of causes is thoroughly characteristic
of Graham'’s work. All who have worked on Graham have agreed with
Edward Thorpe’s opinion that “the main principle which constitutes
the basis of the most original, and perhaps the most important section
of his labours, was the conception of molecular motion.” The editor of
Graham’s collected papers commented, “Graham is as strict an atomist
as perhaps can be found.”2°

These judgments have been further elaborated and confirmed by
subsequent work, which has clarified many of the details of Graham’s
ideas on molecular theory and atomic-molecular motion. In fact, he ap-
pears to have been attracted neither to the static view of gases typical
of caloric theorists, nor to the kind of random rectilinear motions sug-
gested by early kinetic theorists, whose work he obviously read. Rather,
in 1864 Graham wrote that all matter may be composed of a single
type of particle “existing in different conditions of movement. ... The
more rapid the movement the greater the space occupied by the atom,
somewhat as the orbit of a planet widens with the degree of projectile
velocity.” The characteristic combining weights of chemical elements
are not, he wrote, due to the masses of the constituent particles, but
rather to the volume occupied by each particle, moving with an “in-
alienable primordial impulse.” The lighter elements, composed of more
rapidly moving particles, are merely less dense than heavier elements.
These tiny particles, Graham suggested, make up the ponderable atoms
and molecules that “Herapath, Kronig, Clausius, and Maxwell” had re-
cently proposed in the kinetic theory of gases. “We have indeed carried
one step backward and applied to the lower order of atoms ideas sug-
gested by the gaseous molecule, as views derived from the solar system
are extended to the subordinate system of a planet and its satellites.
The advance of science may further require an indefinite repetition of
such steps of molecular division.”?”

Graham'’s other early landmark publication was on the three differ-
ent phosphoric acids known at that time. Berzelius had suggested that
this was simply a case of triple isomerism whose ultimate cause was

25. Graham, “Diffusion of Gases” (1833); Graham, Researches (1876), 44, 69.

26. Thorpe, Essays (1911), 264; Smith, in Graham, Researches, v, xv; and Swords, “Graham,”
passim. The best and most thorough discussion of Graham'’s views on atomic motion is in the
fine but unfortunately poorly accessible dissertation by Stanley, “Graham,” 347ff.

27. Graham, “Speculative Ideas” (1864); Graham, Researches, 299-302.
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unknown, but Graham provided evidence that the three compounds
could be distinguished by their unique and fully determinable molecu-
lar constitutions. In particular, he showed that the so-called metaphos-
phoric acid could form a salt with but a single molecule of base, while
pyrophosphoric acid could react with two, and the ordinary (ortho-)
phosphoric acid could unite with three molecules of base.?® This dis-
covery meant that salt formation could no longer be represented as
Berzelius proposed, that is, as the simple dualistic addition of an anhy-
drous acid to a molecule of base. Rather, what had to be happening was
the substitution of molecules of water, hitherto chemically bound to the
acid as part of its essential constitution, by molecules of base.
Graham'’s article on phosphoric acid was published a year after Lie-
big and Wohler’s work on the benzoyl radical, and Liebig immediately
understood its concordant implications: Graham was asserting that
members of the phosphate series, just like those of the benzoyl series,
are related by molecular substitutions, not dualistic additions. Liebig
incorporated Graham'’s work into his evolving theory of hydracids: it
wasn’t molecules of combined water in phosphoric acid that were be-
ing substituted (as it appeared according to Graham'’s electrochemi-
cal formulations) but rather single hydrogen atoms, entirely analogous
to the substitutable hydrogen of benzoyl hydride. In Liebig’s view, or-
thophosphoric acid was “tri-basic,” in that one, two, or three atoms of
hydrogen of the acid could be replaced by one, two, or three atoms of a
metal or molecules of base. Liebig applied this point of view to organic
compounds. He argued that dibasic tartaric acid, for example, has two
hydrogen atoms that can be substituted by metals. The fact that the
compound has any substitutable hydrogens makes it an acid; the fact
that it has fwo makes it a dibasic acid. Considering their related chemi-
cal interests, it is not surprising that Liebig formed a close collegial and
personal connection to Graham following their first meeting in 1836.
The Graham-Liebig work on polybasic acids added a fifth strand
to the four interconnected developments discussed in the last
section—chlorine substitution, type theory, a modified radical the-
ory, and the hydrogen theory of acidity—all of which worked against
electrochemical-dualist theory. A molecule of a polybasic acid, in Lie-
big’s hands, was depicted as a molecular entity that could hold to-
gether additional molecular components; it formed the hub, as it were,
of a more complex molecule. It appears that Williamson likewise saw
Graham'’s work on phosphoric acids in this way, for in an obituary of

28. Graham, “Phosphoric Acid” (1833); Graham, Researches, 321-48.
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Graham, Williamson wrote of this early work, “One would fancy that
Graham had been acquainted with the modern doctrines of types and
of polybasic acids . . .”?° This concept of polybasic molecules was gener-
alized in the next few years to radicals, then further developed to apply
to elements—which marked the origin of what became known as the
theory of valence. Valence theory then begat the structural theory of
organic molecules, as developed independently by August Kekulé and
Archibald Scott Couper in the late 1850s.

All of this will be detailed in subsequent chapters, but what is im-
portant for present purposes is to note that Laurent, Gerhardt, Liebig,
Dumas, Graham, and others had already assembled by ca. 1840 nearly
every element of chemical theory that would provide the necessary pre-
conditions for the revolution to come. Ironically, as we have seen, Lie-
big and Dumas retreated fully from the theoretical dialectic, simulta-
neously and independently, just about that time. Laurent and Gerhardt
attempted to complete the revolution whose signs were so clearly in the
air, but they failed. It would be Williamson and others influenced by
him who would succeed.

Early in 1849 Graham traveled to Paris and met Williamson, pre-
sumably for the first time. He urged Williamson to apply for the profes-
sorship of “Analytical and Practical Chemistry” at University College
London, which had just become vacant due to the early death from tu-
berculosis of George Fownes in January of that year. It is likely that the
purpose of Graham'’s visit to Paris was specifically to recruit William-
son to the post; certainly, Fownes’s long illness would have allowed ap-
propriate advance planning for the hire. Fownes, like Williamson, had
been a student of Liebig, and had recently (1845) taken possession of
the new Birkbeck Laboratory at UCL, the first purpose-built academic
laboratory building in Britain. Williamson applied for the post on
26 April, and three weeks later he sent a printed booklet containing
testimonials in his favor from sixteen luminaries of the field. He was
subsequently elected by unanimous vote of the UCL Council; he ac-
cepted the offer on 25 June, arrived the first of September, and began
his thirty-eight-year career there in October.?® Considering the close
relationship between Graham and Liebig, it is likely that Graham had
asked Liebig’s counsel on the hire of both Fownes and Williamson; Lie-
big’s support would surely have been crucial for both elections.

Graham and Williamson had much in common, including their

29. Williamson, “Graham” (1869), 21.
30. Documentation is held in DMSWL.
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Scottish roots and their association with UCL (Williamson’s father had
been one of the university’s founders). Michael Swords has explored how
greatly Graham’s work was influenced by Thomas Reid and the Scottish
school of Common-Sense philosophy, for whom the idea of motion was
so central, and I have above suggested the probable influence of Reid,
Dugald Stewart, and John Herschel on Williamson.3?! Graham, who was
nineteen years older and quite eminent by this time, must have pro-
vided at least stimulation and possibly mentorship to the young Wil-
liamson. Certainly there was plenty of common ground in the power-
ful orientation of both chemists to theories of atomic and molecular
motion, as well as to a robust regard for the “philosophy” of chemistry.

Four months after Williamson entered into his duties at UCL, in Feb-
ruary 1850, Graham published a paper on the interesting and much-
controverted subject of etherification. Six months later, in August of
that year, Williamson presented his “springtime for chemistry” paper
on the same subject. Unfortunately, other than this overlap of subject
matter, we know few details about the relationship between these col-
leagues, and it is difficult to say how much Graham may have influ-
enced Williamson’s thinking. As Michael Stanley has thoroughly dem-
onstrated, Graham was one of the most brilliant and productive visual
thinkers among nineteenth-century chemists. But the younger man
was to succeed where Graham had failed. Namely, Williamson would
provide a substantive route from visual hypothesis, to experimental
evidence, to convincing argumentation regarding those ephemeral en-
tities, atoms and molecules.

Grasping the Ether

The various formula sizes used in chemical theory during the years ca.
1820-50 maintained an uneasy coexistence at best. But problems be-
came acute when disparate kinds of formulas were involved in one and
the same chemical reaction, as in the formation of ether.

The chemical substance simply called “ether” (now referred to as di-
ethyl ether) had been known since the sixteenth century, but since it
could not easily be related to a salt-forming organic acid, its formula
weight could not easily be determined.?? But ether could be generated

31. Swords, “Graham,” 11-15, 33-50. He comments, “Common Sense philosophy made ‘mo-
tion’ and ‘phenomena’ practically a tautology. Motion was the ground of all phenomena” (14n).

32. The following summary is much simplified, as the evolution of theories of etherification
is complex. For a review, see Partington, History (1964), 262-63, 341-52, and 448-50.
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by simply distilling grain alcohol from solution in sulfuric acid. Since
sulfuric acid was known to be a strong dehydrating agent, Dumas and
Liebig separately concluded that ether was nothing more than dehy-
drated alcohol. The idea worked schematically only if one employed a
four-volume formula for alcohol and a two-volume formula for ether,
but this circumstance did not trouble them. Expressed in formulas typ-
ical of the 1830s, this theory of ether formation was:

C,H,,0-H,0 E— C4H00 + H,0
alcohol yields ether + water

Gerhardt and Laurent were troubled by this. To them, Dumas and
Liebig were guilty of invoking inconsistent molecular magnitudes for
no other reason than to maintain a theory. If a single yardstick were
used, expressing all formulas in the two-volume convention, one could
see from one’s written formulas that the ether molecule was nearly
twice the size of the alcohol molecule. (That is: everyone agreed that
the atomic-weight formula for ether should be C,H,,0; however, for
Gerhardt and Laurent alcohol was not C,H,,0,, but half that, C,H,O.)
These chemists thus argued that two molecules of alcohol had to come
together, losing a molecule of water in the process, to form each mol-
ecule of ether. Following the so-called contact (catalytic) theory of
Berzelius—more about this in a minute—Gerhardt and Laurent por-
trayed alcohol as the “ethyl” radical C,Hs, united with an oxygen and
a hydrogen atom. Following their own lights, they portrayed the ether
molecule as consisting of two ethyl radicals and an oxygen atom.
Symbolizing C,Hs as “Et,” they pictured the reaction of ether forma-
tion as:

EtOH + EtOH e EtOEt + H,0
two molecules of alcohol yield one molecule of ether + water

Gerhardt and Laurent argued their case on the basis of logical con-
sistency, taxonomic heuristics, and esthetics of formulation (includ-
ing Ockham'’s razor), rather than from any evidence from new exper-
iments that were specifically designed to test these ideas. A critic of
the 1840s could legitimately say—many did say—that Gerhardt and
Laurent had not provided any compelling reasons to relinquish the
prevailing opinion and adopt a new one; they had not offered exper-
imental proof of the truth of their theory, or of the insufficiency of
that of Dumas and Liebig. Considered more broadly, various chemists
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over the years had provided ingenious alternative formula systems that
were consistent with various lines of evidence, but none had yet suc-
ceeded in demonstrating the truth of one of those viewpoints to the
exclusion of the others. Thus far no one had, in this strong sense, en-
tered into the world of atoms and molecules in an epistemically ro-
bust way. No wonder there was a sense in many minds that the best
stance was that of empiricist caution—until experimental proofs were
to arrive.

Newly installed in his London post, Williamson set himself the task
of providing such proof. He started from a position of belief and trust
in the Gerhardt-Laurent system, and he thought very hard about this
crucial reaction, the formation of ether. It must have occurred to him
that the only reason that the theory of Dumas and Liebig could sur-
vive their use of inconsistent molecular magnitudes was the fortuitous
symmetry of the ether molecule, a result of the circumstance (accord-
ing to the theory of Gerhardt and Laurent) that two identical molecular
pieces—the two alcohol molecules—were joining together in the re-
action. If one could bring two different alcohol molecules together, to
produce an asymmetrical ether molecule, then the inconsistent magni-
tudes would be revealed to the world, and the Gerhardt-Laurent theory
would be proved.

Williamson discovered that he could form ether from the recently
discovered “ethylate of potash” (potassium ethoxide) by reacting the
latter with ethyl iodide. In this new reaction, instead of water splitting
off as in normal etherification, potassium iodide was released, along
with the product ether. Thus far, the new reaction was entirely anal-
ogous to the familiar (symmetrical) etherification. However, he now
had in his hands the means to make the asymmetric reaction happen,
by combining ethylate of potash with methyl iodide. By the theory of
Liebig and Dumas, the product of this novel reaction ought to have
been equal amounts of two different symmetrical ethers, whereas the
Gerhardt-Laurent theory correctly predicted the formation of a sin-
gle asymmetric product, ethyl-methyl ether (Et = ethyl = C,Hg; Me =
methyl = CH,):

C,HieOKO + CHgl, —>  C,H,,0 + C,HO + KI,
Liebig and Dumas

EtOK + Mel Em— EtOMe + Kl
Williamson
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“In this experiment,” Williamson wrote, “the two theories cross one
another, and must lead to different results,”3? with the actual result
demonstrating the ideas of Gerhardt and Laurent. He underlined the
point even more strongly by preparing additional novel asymmetric
ethers, namely ethyl-amyl ether and methyl-amyl ether. The argument
was proven, he asserted—a beautiful example of an unanswerable ex-
perimentum crucis.

As brilliant as this gambit was, there was much more in the paper,
namely some important new ideas on the dynamics of reactions. The
etherification reaction was complex, partly due to a proliferation of
minor products depending on conditions, and partly to the mysteri-
ous action of the sulfuric acid. Years earlier, Berzelius had argued that
the acid was a simple catalyst operating by physical contact, the de-
tails of whose operation were not known and possibly could never be
known. Liebig, on the other hand, had asserted the necessary chemical
intermediation of a product often found in the reaction mixture called
sulfovinic acid (ethyl hydrogen sulfate). In February 1850 Thomas Gra-
ham demonstrated that the reaction could be made to work in sealed
tubes, apparently without any participation of sulfovinic acid, and so
he threw his weight behind the contact theory. As a concomitant of
that theory, he emphasized, as Berzelius had done, that it must take
two molecules of alcohol to make one of ether, thus (implicitly) also
suggesting support for the new chemistry of Gerhardt and Laurent.3*

In his August 1850 paper, Williamson proposed a reaction mecha-
nism for etherification that invoked a central chemical role for sulfu-
ric acid. He suggested that in this reaction, ethyl radicals continuously
shuttle from the alcohol, to the sulfuric acid, then to another molecule
of alcohol, thereby making a molecule of ether. The alcohol molecule
that is abandoned by its ethyl becomes water, one of the products; the
sulfuric acid molecule that acquires ethyl becomes sulfovinic acid;
the sulfovinic acid molecule that loses ethyl to a molecule of alcohol
becomes sulfuric acid once more. The overall process ineluctably car-
ries alcohol to ether and water, essentially doubling the size of the alco-
hol molecule, while the sulfuric acid remains unaltered over the course
of the entire reaction.

33. Williamson, “Theory of Aetherification” (1850), 352. Williamson was using Gerhardt’s
and Laurent’s atomic weight for potassium. Following Berzelius’s lead, Liebig and Dumas used a
doubled weight for potassium, so they used half the number of atoms. This disagreement was not
relevant to the point Williamson was making here.

34. Graham, “Observations” (1850). See Stanley, “Graham,” 253-54.
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In Williamson’s vivid conception, this process happens continu-
ously and randomly, promoted by the constant kinetic motion of the
molecular participants and pushed to completion by the stability of
the resulting products, ether and water, and their removal from the site
of reaction. He illustrated his mental vision of this molecular dance by
means of formula tableaux that made clear the various displacements
of the ethyl radicals. His paper thus contains what is probably the first
competent and empirically plausible proposal for an important reac-
tion mechanism, a viewpoint that was founded upon the “broader ba-
sis of atomic motion.”

The Experimental Dissection of Molecules

Williamson was not finished with the subject of etherification. After
ten months of public silence, within a span of twenty-six days in the
early summer of the following year he presented three connected pa-
pers in rapid succession: a “Friday Evening Discourse” at the Royal In-
stitution, a formal paper at the Chemical Society, and a presentation at
the annual meeting of the British Association for the Advancement of
Science, held that year in Ipswich. Though overlapping and closely re-
lated, each of these three papers had distinct styles and messages. The
net effect of the three papers was to chart the early stages of an inves-
tigative route towards the systematic conceptual dissection of organic
compounds, offering the promise of a secure pathway into the bewil-
dering jungle of organic chemistry. In the course of examining these
three papers, we will see further evidence of Williamson'’s imaginative
molecular visions.

The discourse at the Royal Institution on 6 June 1851, “Suggestions
for the Dynamics of Chemistry derived from the Theory of Etherifica-
tion,” was intended for a broad audience, as was generally the case in
this famous lecture series begun twenty-five years earlier by Michael
Faraday.*® Williamson averred that the “dynamics of chemistry will
commence by the rejection” of an “unsafe and unjustifiable hypoth-
esis, namely that the atoms are in a state of rest”; “the various phenom-
ena of change, which are now attributed to occult forces, [will] reduce
to [the] one fact” of atomic motion. “A little reflection is sufficient to
show that such a motion actually exists,” he suggested, citing the “fact

35. Williamson, “Suggestions” (1851).
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of diffusion” as a prominent example. And there are other “mechanical
evidences of the communication of momentum from masses to atoms,
and inversely.” So also for substances in solution. Static appearances
in chemistry are as deceiving as the apparent constant whiteness of a
spinning color wheel, Williamson asserted; in fact, atoms of molecules
in solution, such as hydrogen chloride molecules in water, are unde-
tectably engaging in continuous rapid mutual displacements. Underly-
ing the ostensible stability of “double displacement” reactions are actu-
ally opposing atomic currents constantly moving in each direction of
the reaction; and “chemical force must be proportional to the velocity
of these interchanges.”

Williamson had of course recently published on a reaction that il-
lustrates just such a phenomenon. For the benefit of this mixed au-
dience, he visually diagrammed his proposed reaction mechanism for
etherification with formulas on a lecture placard on which an oblong
card rotating on a pivot was overlaid, in order to represent an example
of the rapid shuffling of atoms and radicals undergoing a reaction (such
as Na and Et trading places between EtO and I, transforming EtONa
and EtI to EtOEt and Nal).?® The two steps of his proposed reaction
mechanism were more than just a hypothesis, he argued. He revealed
that “their reality [was] proved” by his recent success in experimentally
separating the two steps, by reacting alcohol directly with sulfamylic
acid (amyl hydrogen sulfate). The isolation from the reaction mixture
of ethers and sulfovinic acid, but no sulfamylic acid, was positive proof,
he wrote, that the sorts of molecular exchanges that he had posited the
previous year really do take place.?”

Williamson ascribed the basis of this model to Claude-Louis Berthol-
let. Berthollet had denied the existence of “elective” (absolute) affinity,
emphasizing instead the role of “chemical mass”; he had also eluci-
dated the importance of precipitation, “efflorescence,” and “elasticity”
(gas formation) in removing products from the “sphere of chemical

36. Williamson, “On Etherification” (1851), 231. This is the “Williamson ether synthesis”
using sodium (Na) compounds. I have bolded the molecular pieces thought to be shuffling, but
Williamson'’s pivoting card makes the concept much clearer. The pivoting card is mentioned in
the Royal Institution talk and was apparently demonstrated to the audience, but was not illus-
trated in the published version.

37. These details, like the image of the lecture placard, are also taken from Williamson’s
presentation to the Chemical Society on 16 June 1851. The third-person description of the Royal
Institution talk that appeared in the journal of the Royal Institution (the only source) includes
only an allusion to the separation of the two steps of the mechanism, by using successively two
different alcohols, as proving the truth of his supposition. It is not known whether Williamson
included all these chemical details in the Royal Institution talk.
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1 Williamson’s lecture placard, with pivoting card. Source: Williamson, Journal of the
Chemical Society 4 (1851): 231.

activity,” thus forcing an unfavorable equilibrium to completion.?® In
the opening of his Essai de statique chimique (1803) Berthollet had fa-
mously analogized molecular interactions to the motions of the plan-
ets ruled by gravitation, adding: “It is a very natural thought that the
principles of chemical theory will show more and more agreement
with the principles of mechanics, to the degree that they become more
general.”%

We will see below how Williamson would adduce the same gravita-
tional analogy—following the lead of Graham (cited above) as well as
Berthollet. But Williamson had gone beyond Berthollet in two ways.
First, as he noted, he had applied the atomic theory to Berthollet’s mass-
action ideas. And second, he had articulated, for the first time, a con-
cept of dynamic equilibrium, that is, the idea that equilibrium consists
not in cessation of molecular motion, but rather in the equalization
of reaction rates running continuously and simultaneously in opposite
directions. The Norwegian chemists C. M. Guldberg and P. Waage later
generalized the phenomena discussed by Berthollet, Williamson, and
others, into the mathematical law of mass action (1864-67).

38. Berthollet, Essai (1803). Williamson used the phrase “circle of decomposition” in the
same way Berthollet referred to the “sphere of chemical activity.”
39. Ibid., 1:1-4. For more on these matters, see the first section of chapter 8, this volume.
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Ten days later Williamson spoke on etherification before the Chemi-
cal Society of London.*® As he had in his first ether paper, he played
the role of peacemaker. “Now I submit that the theory here laid before
you, with its experimental conclusions, combines the requisitions of
the several parties in this great discussion, and may be considered as
closing it amicably, by shewing that each point of view contained part,
and an important part, of the facts.”*! Having synthesized three “inter-
mediate” (asymmetric) ethers the preceding year—ethyl-methyl, ethyl-
amyl, and methyl-amyl ethers—he now revealed the synthesis of two
additional novel symmetrical ethers using the same molecular pieces
(dimethyl and diamyl ethers). By establishing the identity of the prod-
ucts of the two reactions: methylate of potash + ethyl iodide, and ethyl-
ate of potash + methyl iodide, he reasoned that for this “three-carbon
ether . .. [ethyl and methyl] are contained in like manner in it.”

Here before his professional peers at the Chemical Society, Wil-
liamson made his private mental world public, just as he had done to
a broader audience at the Royal Institution. He again illustrated the
mechanism of etherification using a placard with a pivot, around which
he rotated the symbols of the molecular pieces that he hypothesized
were exchanging places. But this was more than a hypothesis: he once
more adduced, as he had a few days earlier at the Royal Institution,
what he regarded as conclusive proof of the reality of the mechanism,
by showing how he had experimentally separated its two steps.

Then Williamson applied the same experimental design that he
had used for ethers on a new molecular system. He had already sug-
gested the preceding year that acetic acid had to have the smaller (two-
volume) formula advocated by Gerhardt and Laurent, namely, a for-
mula containing only two carbon atoms (C,H,0,), for this acid could
be easily generated by oxidizing ordinary alcohol, which was now se-
curely known from the etherification work to have only two carbon
atoms. Williamson now announced that he had devised an even more
direct way to determine that the smaller formula for acetic acid was
correct. He synthesized a novel asymmetric analogue to acetone (di-
methyl ketone, CH;COCHj;) using the same reasoning as he had ap-
plied to his novel asymmetric ethers. This substance is now known as
methyl butyl ketone, CH;COC,H,. With the new light that this reac-
tion threw on the subject, he could now establish that acetic acid and
its relatives (propionic, butyric, valeric, etc.) had to have the smaller

40. Williamson, “On Etherification.”
41. Ibid., 230.
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(Gerhardtian) formulas, in an exactly parallel fashion as he had proven
the smaller formulas for the alcohols.

This was a stunning series of achievements. Taking the schematic
key from Gerhardt and Laurent, Williamson had ingeniously devised
investigative pathways that for the first time compelled belief by reason-
ing from new experimental evidence. Williamson asserted that one could
now not just suggest, but prove, that alcohol consisted of molecules that
actually contained exactly two carbon atoms, exactly six hydrogen at-
oms, and one oxygen atom; and that acetic acid was the same as this,
but with two of the hydrogen atoms removed and one additional oxy-
gen atom added. Furthermore, the fact that one could extract one of
the six hydrogen atoms of a molecule of alcohol to make ethoxide, and
extract one oxygen and one hydrogen from another molecule of alco-
hol to make ethyl iodide, and then, in effect, stick the two molecules
together, meant that alcohol must be composed of an ethyl group,
C,H;, united with an oxygen and a hydrogen atom, and that the sixth
(“basic”) hydrogen must be uniquely associated with the oxygen atom,
and not directly with the ethyl group. Water, alcohol, and ether were,
therefore (in Williamson’s preferred rational formulas):*?

H C,H; C,H;
o o o
H H C,H;

Sulfuric acid and sulfovinic acid were:

SO, SO,
H C,H,

And there was more. The two hydrogen atoms that are removed and
replaced by a single oxygen atom when alcohol is oxidized to acetic acid
could only have come from the ethyl radical, where all the hydrogen of
acetic acid that is not involved in acid formation was located. From this
evidence, the rational formula for acetic acid had to be written:

C,H,0
o)

42. The first five of the following formulas appeared in Williamson’s first ether theory paper
of August 1850.
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The new radical C,H;0, which Williamson had thus shown must ex-
ist in acetic acid, he named “othyl,” from oxygen-ethyl. Acetone, he
stated, was obviously othyl associated with a methyl radical. And his
novel asymmetric ketone had to be formulated:

CH,
co
C.Ho

Though Williamson did not say so explicitly, he was clearly affirm-
ing that one could now confidently specify (and represent in a rational
formula) the sequential order in which certain atoms and radicals were
arrayed within certain molecules. Some aspects of the intramolecular
arrangements of atoms, at least in certain cases, were no longer the sub-
ject of mere speculation, but of systematic and confident experimental
determination.

And his formulas suggested even more. Whenever a central oxygen
atom appeared on the right side of one of these triangular formulas, ex-
actly two constituents—never more, and never fewer—always appeared
to the left. If one of the left-hand constituents was removed, like a hy-
drogen atom from the alcohol formula, then another constituent had
to come in its place, like an ethyl radical to form ether. Williamson was
clearly (though still only implicitly) creating two distinct categories of
submolecular constituents. One category comprised those entities that
could appear at the right of his formulas, namely O, SO,, or CO; the
other category comprised those entities that could appear on the left,
namely an atom of hydrogen, or of chlorine, or certain of the metals,
or a hydrocarbon radical, or the othyl radical. He had created these
categories not by arbitrary fiat, but by induction. However, he did not
make this induction explicit—probably because the empirical base for
it was still rather narrow.

Here we may see the influence of Graham'’s and Liebig’s theories of
polybasic acids, for Williamson was portraying carbonic oxide CO (for
example) as “bibasic” in a fashion analogous to how Graham described
pyrophosphoric acid, or to how Liebig described tartaric acid, both as
dibasic acids. In each case, a central molecular moiety had the power to
hold together precisely two other pieces into a single larger molecular
system. When, soon after Williamson’s work, certain atoms were ex-
plicitly proclaimed as intrinsically monobasic, dibasic, tribasic, etc., the
theory of atomic valence was born.

Two weeks after his Chemical Society paper, Williamson traveled
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to Ipswich to present a theoretical paper to the Chemical Section of
the British Association.*® After proclaiming his continuing desire to
strongly support and develop the chemical ideas of Laurent and Ger-
hardt, Williamson categorically rejected Gerhardt’s principle that for-
mulas should never presume to indicate the actual arrangements of the
atoms that form the molecules of the substance. Instead, following the
example of Berthollet, Williamson affirmed that formulas can repre-
sent “an actual image of what we rationally suppose to be the arrange-
ment of constituent atoms in a compound, as an orrery [a mechanical
planetarium] is an image of what we conclude to be the arrangement
of our planetary system.”#* Just as Lavoisier had taught chemists that
a substance’s “written name should be made to represent what we
conceive a compound to be,” so also its formula should be taken seri-
ously in this explicitly realist sense, Williamson averred; moreover, we
should strive to follow chemical reactions by tracing the actual mo-
lecular changes that are effected, and by reflecting those changes in
corresponding chemical formulas. This realist sense of formulas was
the great contribution of the theory of types, he added, and Dumas
deserved the gratitude of his colleagues for this service.*

Many “triangle” formulas appear in this paper and build further on
the ideas expressed in his earlier publications. Williamson now began
to use the term “bibasic” to describe the radicals on the right side of his
formulas, which could unite and “hold together” two monobasic atoms
or radicals on the left. Such bibasic entities included CO, SO,, SO,, and
(by implication) oxygen atoms. The two entities that could appear on
the left, being held in the same molecule by the single entity on the
right, included hydrocarbon radicals, ethoxide or methoxide, othyl, H,
Cl, NO,, K, Na, CN, OH, NH,, and a few others. Williamson asserted in
his formula-language that CO could unite two ethoxide moieties into
“oxalic ether” (diethyl oxalate), or two NH, groups into urea; he im-
plied that an oxygen atom could unite two hydrogen atoms into water,
or two ethyl radicals into ether, or an othyl and a hydrogen into acetic
acid; finally, he implied that two oxygen atoms could bridge between a
single bibasic SO, radical and two hydrogen atoms to make the bibasic
sulfuric acid molecule. He even suggested the possible existence of two
othyl radicals held together by an oxygen atom, which, if the synthesis

43. Williamson, “Salts” (1851).
44. 1bid., 351.
45. Tbid., 354.
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could be accomplished, would be the true form of anhydrous acetic
acid (i.e., acetic acid anhydride).

All this can be simply summarized. First, Williamson was issuing
an explicit and unambiguous call for a realistic interpretation of for-
mulas and for the potential determinability of at least some aspects of
intramolecular atomic arrangements. Second, he provided a compel-
ling model for how such an investigative program could be conducted.
He placed that model in the tradition of the mechanical “type theory”
as defined by Dumas in 1839-40, and according to the reformist nota-
tional and taxonomic proposals of Gerhardt and Laurent. And third,
this paper contains implicitly an idea that atoms and radicals have
fixed capacities to combine with one, two, or some other definite num-
ber of other atoms or radicals. Others would soon develop this theme
into what today is known as “valence.” However, he stated no such the-
ory explicitly. These conclusions were accurately captured by Adolphe
Wurtz in his early history of structural ideas when he wrote that the
essence of Williamson'’s accomplishment was to have shown that ether
quite truly (“bien réellement”) contains two ethyl molecules.*®

Williamson ended this third paper with a return to his concern for
dynamical theories of atomic motion by proclaiming that his ultimate
goal was the “exact determinations of the relative momentums of at-
oms in various compounds, the proportion of which to their masses
determines their physical and chemical properties.” What Williamson
meant by this enigmatic statement is hard to say,*” but in any event
it carries considerable irony. Williamson was continuing, sincerely but
abstractly, to profess a Heraclitean metaphysics (molecular reality is
nothing but motion and change), while at the same time in quite con-
crete terms carrying out a Parmenidean investigative program (one re-
ally can determine the actual enduring form of unseen submicroscopic
molecules—or, to use Williamson's exact words, including his empha-
sis, “what we conceive a compound fo be”). There may not have been as
irreconcilable a conflict between these positions as it may seem—after
all, Plato and Aristotle were able to bridge the apparent gulf between
their two great pre-Socratic predecessors—but there was at minimum a
certain tension between these tendencies. This tension was fully paral-
lel to that between Williamson’s French mentors, the Heraclitean Ger-

46. Wurtz, Cours (1864), 31-32.

47. The ratio of momentum to mass is velocity. Is this a reflection of, or influenced by, Gra-
ham’s ideas on the intrinsic motion of atoms? In any case, the statement is consistent with simi-
lar statements in Williamson’s other papers of 1850-51.
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hardt and the Parmenidean Laurent. But beyond question what we see
at work here, in both of these philosophical modes, is one of the great
visual imaginations in mid-nineteenth-century science, allied with
brilliant investigative skills.

Excursus: Isolated Radicals?

While Williamson was still in Paris, another important story line was
playing out. The Englishman Edward Frankland (1825-99) and the
German Hermann Kolbe (1818-84), then fellow assistants of Lyon
Playfair at the Museum of Economic Geology in London, presented a
joint paper to the Chemical Society in April 1847. Kolbe and Frank-
land reported that they had succeeded in transforming methyl, ethyl,
and amyl cyanide into the corresponding organic acids. In equivalent-
weight (C = 6, O = 8) Berzelian-dualist (copula) formulas, they por-
trayed these reactions as:

C,H;-C,N R C,H;-C,05-HO
methyl cyanide acetic acid
CHsCN — C,Hs-C,05-HO
ethyl cyanide propionic acid
CioHirGN ? CioHy*C,05-HO
amyl cyanide caproic acid

Kolbe had been a student of Wohler and Bunsen, both Berzelians, but
unlike them was passionately interested in chemical theory, especially
the quest to determine molecular “constitutions” (identification of the
particular radicals that combine to form a given molecule). He had
imbued Frankland with the same passion, contrary to the positivistic
tenor of the day. Kolbe and Frankland thought that this work strongly
supported the Berzelian copula formulas in which they expressed their
reactions.

Aside from the question of copulas, Frankland later asserted that
this paper established “for the first time the internal molecular struc-
ture of these acids.”*® Whether one agrees with this judgment or not, it

48. Frankland, Sketches (1901), 70. The standard source for the life and work of Frankland is
Russell, Frankland (1996).
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is probably true that these were the earliest planned reactions in which
the core carbon content of an organic molecule was deliberately al-
tered. “The isolating of the alcohol [i.e., alkyl] radicals,” Frankland later
reminisced, “was, at this time the dream of many chemists, whilst oth-
ers doubted or even denied their existence. I was also smitten with the
fever and determined to try my hand at the solution of the problem.”#
He and Kolbe, who then traveled to Marburg together for the summer
semester 1847 to work directly with Bunsen, were notably successful
in this quest. In 1848 and 1849 (spending much of this time acquiring
a Ph.D. with Bunsen and then working for a semester with Liebig in
Giessen), Frankland used zinc metal to liberate the gaseous methyl and
ethyl and the liquid amyl radicals from their corresponding iodides.
Meanwhile, Kolbe had ever greater success with his electrolyses, isolat-
ing the “valyl” radical from valeric acid and the methyl radical from
acetic acid. The isolation of all of these radicals, Frankland wrote, “ex-
cludes every doubt of their actual existence, and furnishes a complete
and satisfactory proof of the correctness of the theory” that ethyl is ac-
tually contained in alcohol and ether, and methyl is actually contained
in acetic acid.*°

Gerhardt and Laurent contested the interpretation of these results.
They asserted that Kolbe’s and Frankland’s inconsistent use of molecu-
lar magnitudes had only made it appear that they were isolating ac-
tual radicals. If all molecules were formulated consistently at the same
number of volumes, they wrote, then the formulas for the free gases
and liquids that were produced in Kolbe’s and in Frankland’s reactions
would need to be doubled. Their “radicals,” Gerhardt and Laurent ar-
gued, were stable only because they were in fact doubled molecules
(today we call them dimers). Laurent had long used a simple empiri-
cal rule, called the “even-number rule,” to test for consistent magni-
tudes. This rule dictated that organic-chemical formulas should always
have an even number of hydrogen atoms; if there seemed to be an odd
number, the formula was to be doubled. Kolbe’s and Frankland’s free
gaseous “methyl,” C,H;, they wrote, is not methyl at all, but its dimer,
C,H;C,H;, or, as expressed in Laurent’s and Gerhardt’s atomic weights
(C =12, O = 16), CH;CH; or C,H,.

In 1850 Kolbe wrote a long review article interpreting his and Frank-
land’s work in the context of the development of chemistry over the last

49. Frankland, Sketches, 175.
50. Frankland, “Isolation” (1849); Frankland, “Researches” (1850), 46-47; Kolbe, “Elektro-
lyse” (1849).
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generation.’! In his view, Dumas, Laurent, Gerhardt, and other French
chemists had been too hasty in rejecting Berzelian electrochemical-
dualist theory and the ideas of the radical theory for the uncertain
world of “types.” All one needed to do in order to maintain the validity
of the radical theory was to admit (with Berzelius) that copula radi-
cals could undergo substitution. His and Frankland’s success, he wrote,
proved the point. One could now say with certainty that acetic acid (for
instance) really was constituted as the molecule C,H,-C,,0,-HO. The C,
group between the dot and the comma, Kolbe wrote, “presents the ex-
clusive point of attack for the powers of affinity of oxygen, chlorine,
&c.” This dissection and schematic analysis of a molecule with the help
of Berzelian theory is proof that the latter is “a trustworthy guide in the
difficult field of organic chemistry, and has preserved us most securely
from the errors of a code of laws like that which has been laid down by
Laurent and Gerhardt . . . [C]hemistry is indeed something better than
a mere arithmetic problem, into which Laurent and Gerhardt endeavor
to convert it.”*2

The sense of triumph of Kolbe and Frankland was to be short-lived,
for, coincidentally, Williamson’s first ether paper appeared at the same
time as Kolbe’s major review paper. Curiously, though, on a deeper level
the work of Frankland and Kolbe had much in common with William-
son’s, for all three chemists were atypically interested in questions that
did not much exercise their colleagues: striving toward the determina-
tion of absolute constitutions of molecules and expressing those consti-
tutions using rational formulas that could be interpreted mechanically
and realistically.

The Spread of Williamsonian Theory

Gerhardt was thrilled by Williamson's first ether paper (Laurent was
already mortally ill and could not participate fully in these develop-
ments). Over the next six years he combined Williamson’s new reac-
tions with those of Adolphe Wurtz, the chemistry professor at the Fac-
ulté de Médecine in Paris, and those of August Wilhelm Hofmann, the
director of the Royal College of Chemistry in London, to outline a new
version of type theory. In Gerhardt’s telling, Williamson’s work had
given birth to a “water type,” Wurtz’s and Hofmann’s efforts had cre-

51. For a more detailed explanation of these developments, see QR.
52. Kolbe, “Radicale” (1850), 69; Kolbe, “Radicals” (1850), 76.
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ated an “ammonia type,” and Gerhardt himself added what he called
a “hydrogen type” (later also a “hydrogen chloride type”) by which to
theoretically encompass and organize organic compounds.

But Gerhardt did not agree with Williamson’s realist conception of
formulas, continuing to view them simply as empirical summaries of
chemical reactions—as “contracted chemical equations.” The formula-
tion of the sulfuric acid molecule can serve as an example. Whereas
Williamson had depicted a central SO, radical as replacing one hydrogen
atom each from two different water molecules, holding the two resulting
HO radicals into the same H,SO, molecule, Gerhardt’s formula had the
SO, radical replacing two hydrogen atoms from the same water molecule,
the symbol for the second water molecule simply sitting beside the
new “SO,0” moiety, to make up H,SO,.>®* Gerhardt explicitly denied
the atomic linking function so clearly portrayed in Williamson’s ap-
proach, since his (Gerhardt’s) formulas were founded upon a different
philosophy and had a different function. To put it plainly, Gerhardt
did not view the constitution of sulfuric acid in a different way from
Williamson; rather, his formula intentionally avoided advocating any
constitutional idea.

However, Gerhardt obviously appreciated the persuasive force of
Williamson'’s arguments from the synthesis of asymmetric varieties of
ether and acetone, comprising, as they did, affirmations of the truth
of what he had been preaching for years. In this regard, at least, Ger-
hardt followed Williamson’s lead. In the spring of 1852 he succeeded
in synthesizing the acetic acid anhydride that Williamson had pre-
dicted in his 1851 Ipswich paper—a symmetrical doubled version of
acetic acid with loss of water, the perfect analogue to the doubling of
alcohol with loss of water to form ether. Gehahrdt then took the next
(Williamsonian) step. He succeeded in synthesizing novel asymmetric
versions—mixed anhydrides between acetic, benzoic, salicylic, and
other organic acids. The argument for the smaller (Gehardtian) formu-
las for all of these organic acids followed along precisely the same lines
as Williamson’s arguments from his asymmetric ethers and ketones.
This fine contribution marked Gerhardt’s personal career breakthrough,
for the result convinced several of his powerful former enemies that he
might be on the right track after all.>*

The theoretical ground in European chemistry began perceptibly to

53. Gerhardt and Chiozza, “Addition” (1853), 1054.
54. Gerhardt, “Recherches” (1852); Grimaux and Gerhardt, Gerhardt (1900), 228-36, 239-41,
401-13.
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shift in the early 1850s. One of the important voices at midcentury was
that of Hofmann, a youthful student of Liebig’s lured away from the
University of Bonn as the first director of the Royal College of Chemis-
try. Hofmann and Kolbe were exact contemporaries, arrived in London
the same month (October 1845), and became fast friends. Hofmann'’s
work on aniline appeared initially to fully support Berzelius’s copula
theory, for he formulated all of his compounds using the copula C,,H,,
joined to ammonia NH;. But in the fall of 1849 Hofmann found that
some reactions simply could not be represented this way. He concluded
that aniline could not be C,,H,,NH,, but rather must be C,,H;,NH,; that
is, aniline was not a copulated ammonia, but a substituted ammonia.
Hofmann had thus entered the type-theoretical world of the French
chemists. He discovered that he had tapped a rich vein. Even before the
end of that year Hofmann revealed his creation of an astonishing ar-
ray of new organic-substituted ammonias, his so-called secondary and
tertiary amines—i.e., NHj;, in which respectively two or three hydrogen
atoms are substituted by organic radicals such as methyl, ethyl, or phe-
nyl. The primary (once-substituted) amines had been discovered earlier
in the year 1849 by Hofmann’s good French friend (and former com-
rade in Giessen as a fellow Liebig student), Adolphe Wurtz.

In March 1850 Hofmann argued before the Chemical Society that
Laurent and Gerhardt must be correct in their interpretation of Kolbe’s
and Frankland’s “radicals.” There were strong analogical reasons, he
noted, to have expected that free radicals such as methyl and ethyl, if
isolable at all, would be highly unstable and reactive. But Kolbe’s and
Frankland'’s isolated “methyl” and “ethyl” gases were unreactive in the
extreme. They bore strong family resemblances to known hydrocarbon
gases such as methane, to ordinary hydrocarbon liquids such as those
found in petroleum, and to solids in paraffin wax. Also, their boiling
points strongly suggested that they were larger molecules than their
discoverers thought; if Kolbe’s and Frankland’s two-volume formulas
for the “radicals” were doubled, the boiling points would fit in a beauti-
fully precise series with those of other hydrocarbons known not to be
radicals.®> Hofmann was now publicly favoring the chemistry of Lau-
rent and Gerhardt.

55. Hofmann, “Note” (1850). For instance, the known hydrocarbon amyl hydride (today
called pentane), C,,H,,, was known to boil at 30°C, while the newly discovered purported “amyl
radical,” C,,H,,, boiled at 155°C. Why would removing a single hydrogen atom produce such a
dramatic change in physical properties? If “amyl” were really di-amyl, C,,H,, (today called de-
cane), on the other hand, this and other physical properties of “amyl” would make perfect sense.
The data on boiling points was supplied by Hermann Kopp.
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In December 1850, following the publication of Williamson's first
ether theory paper, the London chemist Benjamin Brodie, Jr., adduced
additional arguments in favor of the dimer formulas for the purported
“radicals.” Then Brodie suggested an experimental test that would set-
tle the issue definitively. He (and Hofmann, and Gerhardt and Laurent)
were suggesting that in Kolbe’s and Frankland’s experiments two iden-
tical radicals were actually coming together—that is, dimerizing—to
form symmetrical doubled hydrocarbon molecules. If one could make
an asymmetric hydrocarbon by stitching together two different radicals,
then one could prove the dimer formulas correct, exactly as William-
son had just done with the ethers. For this attempt he used Frankland’s
experimental technique, reacting a mixture of ethyl iodide and methyl
iodide with zinc metal. But he could not get the reaction to work well.
He commented in a footnote at the end of the paper that Hofmann—
also obviously following Williamson’s example—had told him that
he had tried essentially the same reaction by reacting ethyl zinc with
methyl iodide or with amyl iodide. But Hofmann had not been success-
ful either.%¢

Soon thereafter, Kolbe’s comrade-in-arms, Frankland, submitted for
publication a landmark paper that, similar to Brodie’s and Hofmann's
work, pointed toward serious anomalies in the copula theory. As a
master (indeed, the founder) of organometallic chemistry, Frankland
adduced examples of reactions that indicated that tin, zinc, mercury,
antimony, arsenic, phosphorus, and nitrogen exhibit fixed maximum
combining capacities with other atoms or radicals. Arsenic and anti-
mony, for instance, seem to combine only with three or with five equiv-
alents of other atoms or radicals. If the maximum capacity is reached,
then only substitution, not addition, of other components can occur.
Frankland had turned: he now allied himself with the ammonia type
theory of Hofmann and Wurtz, for the semimetals antimony and arse-
nic seemed to follow exactly the pattern established by the new organic
nitrogen compounds of the latter chemists. The theory of copulas, he
declared, could no longer be maintained.%”

There appears to be much in common between these statements and
Williamson'’s avowal a year earlier that certain radicals and atoms are
“bibasic” and can suffer substitution but not addition reactions. Both
claims have legitimately been interpreted as early approaches to what
came to be known as the theory of atomic valence. (Frankland’s had

56. Brodie, “Observations” (1850), 411n.
57. Frankland, “New Series” (1852); Russell, Frankland, 108-13, 118-21.
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greater potential generality, but suffered from the disadvantage, from
the perspective of later atomists, of being expressed in the concepts of
chemical equivalents and organometallic radicals.)®® Frankland, using
almost the same words as Williamson had before him, added that his
suggestions promised “to assist in effecting a fusion of the two theories
which have so long divided the opinions of chemists, and which have
too hastily been considered irreconcilable.” The parallels in their
work were not, however, matched by any close personal connections
between these two men.

These new developments worried Kolbe. Williamson’s arguments for
the new formulas for alcohols, ethers, and organic acids, Gerhardt’s for
the new acid anhydrides, and Brodie’s and Hofmann’s for the hydro-
carbon radicals, all supported the ideas of Gerhardt and Laurent and
provided an effective rebuttal to his and Frankland’s putative isolation
of the radicals and consequent purported proof of Berzelian copulas.
After much effort, in the fall of 1853 Kolbe devised an experimental ar-
gument that, he thought, decisively refuted the Williamson-Gerhardt
theory, using their own argument turned back upon them.®® But Kol-
be’s purported refutation was itself flawed, as Williamson immediately
pointed out; among other problems, Kolbe had failed to translate cor-
rectly between his atomic weights and formula conventions and those
of the reformers. Kolbe’s mistakes were symptomatic of a larger issue: he
had never fully worked his way through the French (and now French-
English) theories. We must not be too hard on Kolbe, who was truly a
master chemist and a prolific and important theorist. These formula
translations were by no means simple, and many of the finest nine-
teenth-century chemists became confused in trying to think through
all these issues.

There is a parallel here to the problems that Galileo had faced more
than two centuries earlier. To understand the Copernican system, one
needed a healthy dose of visual imagination, for it was necessary to
think of oneself as standing on a spinning and hurtling globe called
the Earth, and to imagine vicariously the other motions of the planets,
and all the resulting apparent phenomena as seen from the earth. Gali-
leo paired that visual imagination with a realist understanding that one
was not just “saving phenomena” abstractly and mathematically, but

58. For a vigorous and thoughtful championing of Frankland’s undiluted claim to valence
theory, see Russell, Frankland.

59. Frankland, “New Series,” 441.

60. For details, see QR, 142-55.
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riding a real planetary body around a real sun and directly viewing the
results; his challenging task was to convince others to follow the same
mental gymnastics. In a similar sense, superadded to his investigative
brilliance, Williamson’s secret weapons were his extraordinary visual
imagination and the realist philosophy to which he connected it.
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The Architect of Molecules

It may sound quite strange, but for me, as for other scientists on whom these
kinds of imaginative images have a greater effect than other poems do, no
science is at its very heart more closely related to poetry, perhaps, than is

chemistry. jusTus LIEBIG]

Now you meet with none of these afflictions in [a London] omnibus; same-
ness there can never be. . . . We believe that there is no instance upon
record, of a man’s having gone to sleep in one of these vehicles.

CHARLES DICKENS?

After a lackluster period, around midcentury London sud-
denly became an exciting city in the world of chemistry.
Hofmann arrived there in 1845, Kolbe spent from 1845
to 1847 there, Frankland spent most of the period from
1845 to 1851 in or near London, Williamson joined Gra-
ham at UCL in 1849, and others, such as John Stenhouse,
Benjamin Brodie, Jr., and William Odling, were also val-
ued members of the community. Most of these men had
been associated with Liebig at some point. It was the right
time for the arrival there of a bright, ambitious, and self-
confident young chemist—and another member of the
Liebig club—August Kekulé.

1. “Es mag recht sonderbar klingen, allein es geht mir wie anderen Natur-
forschern auf welche diese Art von phantasiereichen Gebilden mehr Eindruck
als andere Gedichte machen und keine Wissenschaft ist der Poesie vielleicht
ihrer inneren Natur nach mehr verwandt als wie die Chemie.” Written in Lie-
big’s hand on the back of a letter from Kekulé to Liebig, dated 20 November
1854, in Anschiitz, 1:54n.

2. Dickens, Sketches by Boz (Penguin edition, 1995), 167. This sketch first
appeared in 1834.
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The present chapter will follow Kekulé’s early years, through his
London period. In the process we will review the mutually interacting
ideas of several of Kekulé’s predecessors and contemporaries that were
developed into the concept that is now known as valence. We will also
provide a preliminary assessment of his famous autobiographical tale
of a striking vision he later claimed to have had while dozing aboard a
horse-drawn London omnibus, which (he said) led him from valence
theory to the much more consequential theory of chemical structure.

The Education of August Kekulé

Born 7 September 1829, (Friedrich) August Kekulé® was the son of Emil
Kekulé, chief military adviser to Ludwig I, the Grand Duke of Hesse, and
Emil’s second wife, Margarethe. He enjoyed a comfortable bourgeois
childhood in Darmstadt, the capital of the Grand Duchy, where Liebig
had also grown up. During his six years in the Grand-Ducal Gymna-
sium he won particular praise in science, mathematics, and languages.
In drawing and painting he had considerable enthusiasm and talent;
every Sunday he took lessons in the studio of an engraver, and some of
his early artistic efforts survive. From an early age he also developed his
powers of memory to an extraordinary degree, a faculty and habit that
stayed with him to old age.* Henry Armstrong, who, as a student and
partisan of Kekulé’s rivals Frankland and Kolbe, knew Kekulé person-
ally during the last thirty years of the latter’s life, confirmed that “he
had an astounding memory.”’

Although by profession a military man, Emil Kekulé’s passionate
hobby was architecture. When August showed artistic and mathemati-
cal gifts, Emil determined that his son should study architecture for a
profession. He obtained small architectural commissions for his son;
thus it happened that even as a teenager August drew up the plans for
several houses in town. Unfortunately, Emil died shortly before August
graduated from the Gymnasium. In the fall of 1847 Kekulé traveled to

3. Kekulé’s birth name was Friedrich August Kekulé, but he never used “Friedrich.” The sur-
name, of Bohemian origin, had gained the French acute accent during the Napoleonic occupa-
tion of Hesse; Emil had wanted to preclude native French speakers from saying the name in-
correctly in two syllables (which would then sound like a crude French epithet). When August
Kekulé was ennobled in 1895, he adopted the new name “Friedrich August Kekule von Stradon-
itz,” without the French accent, and it is this name that is seen today in most encyclopedias and
library catalogs.

4. Anschiitz, 1:7-9, 657-58; Hafner, Kekulé (1980), 22, 43-44.

5. Armstrong, “Doctrine” (1930), 808.
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Giessen, the Grand Duchy’s university town, to begin his higher stud-
ies. Without a breadwinner, the family was no longer prosperous, and
August needed to choose a profession with pecuniary promise. As his
father had wanted, he enrolled as a student of architecture and pursued
the subject conscientiously for two semesters. He enjoyed the study and
was more than satisfied with the celebrated professor of architecture
Hugo von Ritgen. But in summer semester 1848 he attended Liebig’s
public lecture course on “Experimental Chemistry,” and this experi-
ence put an end to Kekulé’s architectural career.®

Kekulé’s extensive notes on this course were preserved and were
eventually published, both in facsimile and in a modern profession-
ally edited version.” What excited Kekulé above all else was the “phi-
losophy of chemistry,” especially the many mysteries concerning the
manner in which the elementary atoms combine to form complex mol-
ecules. But his family was not so delighted with August’s new passion.
Upon inquiry, it was learned that there were only three civil-service
chemistry jobs in the entire state of Hesse-Darmstadt—the profes-
sors of chemistry at the University of Giessen and at the Darmstadt
School of Trades,® and the master of the mint. Even considering just
the civil service, architecture was far more promising, especially for
someone with August’s obvious talent. Holding the purse strings as
they did, family members persuaded him to remain in Darmstadt at
least for the winter semester 1848-49 to ponder his future, allowing
him to enroll in the city’s School of Trades. He heard lectures by the
well-known professor of chemistry Friedrich Moldenhauer, and took a
Praktikum in chemical analysis. In his leisure time he continued to ex-
ercise his artistic and craft skills, learning modeling in clay, as well as
woodcarving and woodturning. He also became a superior glassblower,
able to fabricate the complicated Liebig potash-bulb apparatus in a few
minutes.’

Kekulé’s resolve was firm, and he was allowed to return to Giessen
for the start of summer semester 1849, attending Liebig’s lectures on ex-
perimental, theoretical, and agricultural chemistry. He spent four more
semesters in Giessen, learning the science from masters of the field. For

6. Anschiitz, 1:8-11, 665.

7. Liebig, Experimentalchemie [1927]; Kratz and Priesner, Liebigs Experimentalvorlesung (1983).
The former is a facsimile publication of Kekulé’s handwritten notes from 1848, for whose history
see Krdtz and Priesner, 363—-64; the holograph original is in AKS.

8. Le. the Hohere Gewerbeschule, the predecessor of the Darmstadt Technische
Universitat—in whose Institut fiir Organische Chemie Kekulé’s papers are housed today.

9. Anschiitz, 1:11-13, 51.
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three semesters he attended the laboratory practicum of Heinrich Will,
in Liebig’s branch laboratory that had had to be constructed a few years
earlier to handle the crush of students. In Kekulé’s last semester in Gies-
sen, winter 1850-51, he gained entry, now as an advanced student, into
Liebig’s own famous lab. Kekulé also took courses from ausserordentli-
cher Professor Hermann Kopp in stoichiometry and mineralogy, and
from Heinrich Buff and Friedrich Zamminer in physics. Kekulé greatly
impressed Kopp with his facility for rapidly orienting complicated crys-
tals. “You do this much better than I was able to, at your age,” Kopp
had said, then thought a moment, and added “ . . . but of course you
also had a much better teacher than I did”"—referring slyly to himself.°
In his last semester he took a course in advanced organic chemistry
from a capable Privatdozent, Adolf Strecker.

Kekulé later reminisced that Liebig used to tell his students that
whoever does not ruin his health from overwork has no hope of mak-
ing it as a chemist. Kekulé said that he faithfully followed this advice.
“For many years 4 or even 3 hours of sleep were enough. One entire
night spent over my books was nothing; only if I did this two or three
nights in a row did I think I had earned some merit.” He added that
his friends used to say that his memory was more reliable than the
pages of Berzelius’s Jahresberichte (annual reports on the progress of
chemistry).!

Kekulé’s closest friend was his classmate, roommate, and cousin by
marriage, Reinhold Hoffmann, who later provided Kekulé’s biographer
Richard Anschiitz with extensive reminiscences. Hoffmann recollected
that even as a young student Kekulé sought to “trace the sources of
our knowledge,” and in private he became a mentor to Hoffmann.
Kekulé began increasingly to “concentrate on theoretical matters,” and
in particular he (and Hoffmann as well, under Kekulé’s tutelage) began
to view the orthodox (Berzelian) radical theory ever more skeptically.
Hoffmann added, “I think I can say that the origin of this [critical] feel-
ing derived from Will’s lectures on organic chemistry.” In lectures, Lie-
big habitually exuded epistemological confidence even when treating
matters that were still quite obscure; by contrast, Will often cast doubt
“even on uncontested questions regarding the constitutions of organic
compounds.”!?

10. Ibid., 1:23-24. The anecdote (told by Kekulé to Anschiitz) illustrates not only Kopp’s quick
wit, but also suggests Kekulé’s manipulative and visualizing talents.

11. Ibid., 2:944.

12. Reinhold Hoffmann, holograph MS entitled “Erinnerungen an A. Kekulé,” dated 26 No-
vember 1900, in AKS, excerpted passim in Anschiitz; see esp. 1:16-17.
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In such public moments, Liebig and Will could well have been
alluding to contemporaneous developments. Frankland was a postdoc-
toral researcher in Liebig’s laboratory in the fall of 1849, when Kekulé
and his cousin were students in the branch lab overseen by Will. It was
then that Frankland isolated the purported radicals methyl, ethyl, and
amyl, to which event Liebig responded privately to A. W. Hofmann,
“So what was desired as the foundation of the [radical] theory is now
from this side finally here.”!* In other words, Liebig appears to have in-
terpreted Frankland’s work, as Frankland himself did, as positive proof
of the existence of isolated monomer radicals. But Kopp’s boiling-point
regularities suggested that this interpretation was incorrect; this anom-
aly was followed up by Hofmann and others in London, as we saw in
chapter 1. Kopp and Will were close friends as well as colleagues, and it
is likely that Kopp’s presumed private doubts regarding the Frankland-
Liebig interpretation may have been reflected in Will’s lectures. In any
case, this testimony suggests that even as early as the late 1840s the
younger faculty in Giessen were more open to the reform movement
than Liebig was.

In 1851 Kekulé was passed by for an assistantship in Giessen. Still
a predoctoral student, Kekulé scouted for his next move. Fortunately,
Kekulé had a much older half-brother, Karl (Charles) Kekulé, who had
emigrated to London and had made a fortune in the grain commodi-
ties market. Karl offered to finance a foreign Wanderjahr, and August
considered Berlin, London, or Paris, inclining toward the first. But Lie-
big counseled, “Go to Paris. You will widen your horizons, you'll learn
a new language, you will get to know life in a large city; but you won't
learn any chemistry.”** En route to Paris, Kekulé happened to see a copy
of Gerhardt’s new book, Introduction a l’étude de la chimie, in a Frank-
furt bookshop, and read it on the journey. Living in Paris from May
1851 to March 1852, Kekulé attended lectures by Jean-Baptiste Dumas,
Adolphe Wurtz, Victor Regnault, and others. He formed particularly
close personal relations with Wurtz and with Charles Gerhardt, with
whom he regularly consorted (but not with Auguste Laurent, who was
very ill). Gerhardt even proposed to Kekulé that he lead the teaching
in his private laboratory school, but the financial conditions were not
acceptable—Gerhardt had just one customer at that time. But Kekulé
had many long conversations with Gerhardt—his very first one, he said,
lasted twelve hours—and Gerhardt allowed him to read the manuscript

13. Liebig to Hofmann, 8 December 1849, in Brock, Liebig und Hofmann (1984), 88.
14. From Kekulé’s 1892 reminiscences, in Anschiitz, 2:949.
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of his yet-unpublished Traité de chimie organique.’> Given the serious
Europe-wide recession in the job market for chemical professorships,
Kekulé began seriously to consider the possibility of taking an indus-
trial position, but only out of dire necessity; his real love was theory.!

Kekulé returned to Darmstadt in March 1852 when his mother
became very ill; he took his Giessen doctoral degree that summer,
awarded magna cum laude. This was just when Liebig was transferring
to Munich, and Kekulé again hoped that Liebig would hire him as his
assistant in the Bavarian metropolis. But Liebig only proposed him for
two possible postdoctoral assignments. To the surprise of family and
friends he accepted the less likely of the two, an assistantship with an
independently wealthy private chemist, Adolf von Planta, in Chur,
Switzerland. This gave him the opportunity, as he later described it, to
spend fourteen months honing his organic-analytical skills, while also
pondering, in the beautiful Alps, all that he had learned in Paris. He
became personally close to Planta.!’

In the fall of 1853 the specter of unemployment appeared once
more, and Kekulé turned again to his mentor. Liebig proposed him for
an assistantship with his former student John Stenhouse, at St. Bartho-
lomew’s Hospital, London. Kekulé did not think much of Stenhouse
as a chemist, and was inclined to demur. But fortuitously, Robert Bun-
sen, who happened to be visiting relatives in Chur, met Kekulé for the
first time and persuaded him to accept, saying, just as Liebig had about
Paris, that even though he would learn no chemistry, in London he
would at least learn a new language, and that is more than enough rea-
son.!'® Bunsen would be proved just as wrong about London as Liebig
had been about Paris.

Kekulé in London

On his way from Chur to London, Kekulé stopped in Munich to visit
Liebig, and there he met a former student of Friedrich Wohler’s named

15. Anschiitz, 1:24-29, 666; 2:943, 949-50.

16. Kekulé to Planta, 13 December 1851, AKS. Five years later he wrote to the same recipient,
“Ich hatte mich dazu entschlossen, mein Lieblingsfach Theorie an den Nagel zu hangen und auf
dem Weg der Praxis selbst praktisch zu werden. Mein Schicksal wollte das nicht!” (9 February
1856, ibid.).

17. Anschiitz, 1:29-38; 2:943, 950. Kekulé related his extended decision-making process in
letters to Planta of 13 December 1851, 12 January, 26 June, 5 July, 8 July, 5 August, and 31 August
1852, in AKS.

18. Anschiitz, 2:950.
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Hugo Miiller. Miiller had traveled from Gottingen to Munich in order
to ask Liebig to help him find a postdoctoral position, and Liebig, as
usual, had one up his sleeve—with an independently wealthy London
chemist, Warren De la Rue. In the meantime, Williamson had met
Kekulé’s Giessen chum Reinhold Hoffmann and had offered him an
assistantship at University College. Kekulé arrived in London in the
last week of 1853, Hoffmann just a few days later. As they had done
in Giessen, Kekulé and Hoffmann decided to lodge together; they
found a flat at 56 College Place, east of Regent’s Park.” Kekulé told
Hoffman to expect that Miiller would arrive in London soon, as well.
Hoffmann remembered Kekulé remarking, “Den konnen wir brauchen,
der kommt von Gottingen und weify etwas” (roughly: “We can use
that guy; he’s from Gottingen and knows a ton”). And he did know
a ton, Hoffmann later confirmed. “Our triple friendship [Dreibund]
was secured. Whereas previously we had considered questions from
two sides, now we examined them even more thoroughly from a
third side.”?°

Reinhold Hoffmann provided Anschiitz with extensive reminis-
cences of their London experiences during most of the year 1854 (Hoff-
mann fell ill and returned to Germany that fall). He related that Kekulé
was not thrilled with Stenhouse or his job at St. Bartholomew’s, but
Kekulé was accustomed to picking up Hoffmann at the Birkbeck labora-
tory, University College, on his way home in the late afternoon, and so
he quickly became well acquainted with Williamson.

If [William] Odling happened to be [at the Birkbeck] as well, friendly battle was
soon joined over the relationships of the atoms and radicals among each other, and
to their field commanders Gerhardt, Laurent, Kolbe, etc., and the blows fell thick as
hail. . . . Hugo Miller’s input [on these matters of discussion] generally could not be
obtained until the following Sunday’s excursion, for he lived too far away [in Isling-
ton, north London] to be able to consort with [Kekulé] every evening. But [Kekulé
and ] often spent time together, also with [Miiller], and always at such times the
conversation was directed, in an unconscious and unplanned way, to the subject of
contemporary theoretical controversies.

Under Kekulé’s leadership, the three young Germans were “united in
the effort to push to the limits of knowledge,” Hoffmann reported.

19. Kekulé’s and Hoffmann’s London address is revealed in Kekulé’s first letter to Erlenmeyer,
dated 6 June 1854, AKS.
20. Anschiitz, 1:39.
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If Kekulé’s development reached maturity in London, as Hoffmann
averred, it was partly, he wrote, under the influence of such discussions.
The essence of the theory of chemical structure “developed from such
seeds,” and it required Kekulé to take only “a small step” to develop his
ideas to the full theory as announced in 1857-58.2! After Hoffmann left
London, Kekulé wrote Planta in October 1854, commenting how much
he missed his cousin’s discussions filled with “theoretisch-chemische
Speculationen.”??

Kekulé and Williamson impressed each other greatly. At the time
of Kekulé’s arrival in London, Williamson'’s lab was “in peak activity,
certainly far better than in any previous session,” to use Williamson's
own language in a letter to Henry Roscoe, with no fewer than eight
research projects going on—probably more than at any other time in
his career.?? Two months after arriving in London, Kekulé wrote Planta
about his position in Stenhouse’s lab: “Boring, that’s all I can say about
it, and moreover the fellow (who is otherwise quite generous) is so in-
decent as to make a face when someone wants to do something for
himself. . . . Regarding Williamson [I'll write] another time, for once
you start in on him you’re not soon finished, he has too many sides
to be able to be characterized in a few words.”?* In a Latin curriculum
vitae for the University of Heidelberg (January 1856), Kekulé wrote, “I
must not fail to make mention of Williamson, that wisest of men and
most learned of philosophers, who was not my teacher but my friend,
and to whom I owe so much.”?> As for Williamson, he wrote of Kekulé
in November 1854,

These brilliant researches have gained Dr. Kekulé an european reputation among
scientific chemists, and | am convinced that he will bring to high renown any chair
of Chemistry to which he may be appointed. He possesses the faculty and habit of
explaining scientific truths with singular clearness, and his personal character and

21. Anschiitz, 1:40-41.

22. Kekulé to Planta, 28 October 1854, AKS.

23. Williamson to Roscoe, 5 December 1853, HERC. Williamson told Roscoe here of his de-
cision to use barred C and O letters to designate atomic weights (C = 12, O = 16) rather than
equivalents (C = 6, O = 8). Kekulé was shortly to adopt this convention and introduce it into
Continental chemical journals.

24. “Langweilerei, das ist alles was ich dariiber sagen kann und dabei ist der Mensch (sonst
sehr nobel) so unanstindig das Gesicht zu verziehen, wenn man etwas fiir sich selbst thun
will ... Von Williamson ein andermal, denn wenn man von ihm anfidngt, wird man so bald nicht
fertig, er hat zu viele Seiten um mit wenig Worten charakterisirt werden zu kénnen.” Kekulé to
Planta, 3 March 1854, AKS.

25. “Non possum, quin Williamson commemorem, virum sagicissimum philosophum eru-
ditissimum, qui non praeceptor sed amicus mihi erat, et qui de me magnopere meritus est.” An-
schiitz, 1:664.
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demeanour will not fail as hitherto to win him the esteem and affection of every
body with whom he is brought in contact.?

Kekulé’s remark to Planta about doing something for oneself and
Williamson’s mention of “brilliant researches” in the letter just cited re-
fer to a small but important research project that occupied Kekulé early
in his London period. Here is how he reasoned. Since the “hydrogen
sulfide type” (H,S) is analogous to Williamson's water type (H,O), and
since then-known organic sulfur compounds bear analogies to alcohols
and ethers, then it is reasonable to believe that a more extended paral-
lelism could be established by creating sulfur analogs of organic acids,
acid anhydrides, and esters. One might accomplish this, he thought,
using a sulfur analog of the known chlorinating reagent phosphorus
pentachloride. So, Kekulé’s notion was to make phosphorus pentasul-
fide, and then use that substance to attempt to sulfurate organic acids
and esters (i.e., to replace an oxygen atom in them by a sulfur atom).
In this way one might expand Williamson’s “water type” theory from
oxygen to sulfur.

Kekulé told Williamson of his idea—it must have been soon after
his arrival, in January or February 1854—and Williamson was enthusi-
astic. But Kekulé had little free time and no laboratory in which to do
the work, and so he stalled. Finally Williamson declared, “This must
be tried. If you don't do it, [ will.” So, without Stenhouse’s permission,
Kekulé used his boss’s lab in the hours before his official duties began
at 9 a.m. There was, of course, no way to hide the powerful aromas of
sulfur compounds, but Stenhouse let the work continue. Kekulé’s lab-
mate Edward Divers commented, “Stenhouse murmured sometimes at
Kekulé’s giving too much time to it, that was all.” On 3 March Kekulé
reported to Planta that fortunately Stenhouse was currently indisposed,
which gave Kekulé free rein in the lab.?” Kekulé must have worked ef-
ficiently in March, for Kekulé’s finished paper, “On a New Series of Sul-
phuretted Acids,” was formally presented in the 6 April 1854 meeting
of the Royal Society of London. The paper was also published in Lie-
big’s Annalen, and excited interest in the chemical world, as we shall
shortly see.

On 20 February of that year, about the time Kekulé was beginning
his research project, a meeting of the Chemical Society garnered con-

26. From a letter of reference dated 22 November 1854, in Anschiitz, 1:56.

27. The story of the conversation between Kekulé and Williamson derives from Kekulé’s oral
reminiscences to Anschiitz, and Divers’s testimony is in a letter to Anschiitz, date not cited. An-
schiitz, 1:45-46, 50; Kekulé to Planta, 3 March 1854, AKS.
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siderable attention in the London chemical world.?® A paper by Kolbe
was formally read, containing an attempted refutation of Williamson's
theory of the constitutions of ethers and acids. Williamson attended,
and answered the paper orally. His rebuttal was detailed, substantive,
and rhetorically brilliant—even humorous, often employing a light but
incisive hand with an undercurrent of ridicule. For instance, he sug-
gested that Kolbe had evidently failed to first understand the views he
was opposing. “I would particularly recommend the papers of [Laurent
and Gerhardt] to Dr Kolbe’s perusal, as they would probably save him
from many surprises to which he would otherwise be exposed.”?* Not
all of his comments were equally fair. For instance, Kolbe had contested
Williamson'’s idea that atomic interchanges were ubiquitous in mixed
fluids, and Williamson’s response to Kolbe was far from convincing.
The heart of Williamson’s response mocked Kolbe’s penchant for ar-
bitrarily introducing various kinds of punctuation symbols into his
chemical formulas.?® The critique obviously made an impression on his
young German friend, for many years later Kekulé recalled: “William-
son insisted on clear formulas, without commas, or Kolbe’s buckles, or
Gerhardt’s brackets. That was an excellent education, which made the
mind independent.”3!

In October 1854 Kekulé learned from the London newspapers of a
rare opening for a chemistry professorship, namely in the newly es-
tablished institute of technology in Zurich. Unsure whether he should
even try for the position, he wrote to Planta of his pessimism. Such
jobs, he said, are won only by “Connectionen”; he might decide to ap-
ply anyway, he wrote, but only out of desperation. He was nearly re-
signed, he said, to the very unpalatable idea of going into the industrial
job market, as he had considered doing off and on since 1851. He did
decide to apply for the Zurich professorship, and toward that purpose
garnered glowing letters from Williamson (excerpted above), Bunsen,
Gerhardt, and A. W. Hofmann. But the one letter he most needed he
did not get: he wrote three increasingly anxious letters to Liebig, with-
out receiving any reply. Though Kekulé had no way of knowing it, Lie-
big had already recommended Georg Staedeler, Wohler’s capable assis-
tant, and it was Staedeler who got the job. Meanwhile, Kekulé’s wealthy
merchant half-brother Karl (Charles) had been pressuring him to get

28. See, e.g., Henry Watts to Roscoe, ca. early February 1854, and Williamson to Roscoe,
9 February 1854, HERC.

29. Williamson, “Additive Formulae” (1854), 129.

30. Ibid., 134.

31. Anschiitz, 2:950.
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a “real” job. When the bad news arrived, Kekulé was resigned. “So my
decision is now final, to become a chemical boot-polisher,” he wrote
unhappily to Planta.3?

Excursus: The Road to Valence??

Reinhold Hoffmann returned to Germany in fall 1854, so that is when
his reminiscences of Kekulé in London conclude. Partly for this reason
we know few details about Kekulé’s second year there (he left England
ca. September 1855). But we do know that this was a fast-moving time
for chemical theory. The years 1854, 1855, and 1856 saw the publica-
tion of a host of articles by leading theorists, all beginning to explore
what chemists then called the saturation capacity, or basicity, or equiv-
alent value, or substitution value, or magnitude of affinity, of atoms
and molecules. By the late 1850s this phenomenon had become known
as “atomicity,” then by about 1870 as “valence.” The formulation of the
earliest theories of atomic valence led directly to the formulation of
ideas relating to molecular structures.

But these developments were complex. Not only did a host of pro-
tagonists participate in the story, many of whom did not always clearly
understand, or in many cases were not even immediately aware of, oth-
ers’ contributions in real time; there were also many different scientific
and methodological issues that were so tightly interfiliated that none
can be dealt with cleanly in isolation. In this section we review some
of these developments in order to understand more clearly why various
leading chemists chose the formulas they did, what they actually meant
by some of their words and formulas, and why all of this happened at
such a furious cadence. This background is also helpful in order fully to
comprehend the particular path taken by Kekul€, our main focus here.

Let us first examine some aspects of the interconnected problem
of atomic weights, formulas, and molecular magnitudes. In chapter 1
we noted much disunity and confusion in the chemical community
on these questions, such as the crucial issue of the formula for water.
What Williamson had done in 1850-51 was to present the first direct
experimentally based argument that in the water molecule there really
is one indivisible oxygen atom weighing 16. That water really is H,0

32. Anschiitz, 1:52-57; Kekulé to Planta, 28 October and 28 December 1854, AKS: “Mein Ent-
schluss steht also fest, einen chemischen Stiefelputzer zu werden.”

33. The standard and still quite indispensable source on this subject is Russell, History of
Valency (1971).
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rather than HO (or H,0,, as many advocates of “equivalents” had be-
gun to write), and that the two hydrogen atoms are subject to substitu-
tion, was the essence of his “water type” theory. In this theory, ether,
like water, cannot split apart into two identical molecules, because to
do so would require dividing a chemical atom. So, for example, just as
one can make a water molecule asymmetric by replacing one of the two
hydrogen atoms by, say, an ethyl radical (to make alcohol), so also one
could make an asymmetrical ether, like ethyl methyl ether. Kolbe had
tried to counter Williamson’s argument by suggesting that the ethyl
ether and the methyl ether were in fact separately formed as required
by the older theory, but that the two ethers hung together as a single
molecule anyway. This is entirely analogous to suggesting that OH and
OH hang together into the equivalentists’ H,0, water molecule. In re-
sponse to this gambit, Williamson turned the tables on Kolbe with the
retort: “The reasonings by which he tries to convince us that . . . ethyl
[ether] may combine with . . . methyl [ether] are excellent, but perhaps
almost superfluous after I have proved that they do combine.”3*

Although clever, this response was not substantive, for Kolbe had
indeed shown a way to accommodate Williamson’s new evidence to
the older theory. The legitimate charge against Kolbe’s gambit was not
the fallacy of petitio principii (assuming what is to be proved), as Wil-
liamson implied, but rather one of stretching credulity and chemical
common sense, which is a question more of judgment than of logic.
Williamson’s research of 1850-51 did not, in fact, constitute a true ex-
perimentum crucis, and Kolbe’s position was not the uninterrupted series
of gaffes and blunders that Williamson tried to suggest (although Wil-
liamson was surely right that Kolbe’s paper exhibited misunderstand-
ings and inadequate consideration of his opponents’ views).

There were also unresolved discussions over the weights of atoms
that were known to have variable equivalents. Frankland had pointed
out already in 1852 that nitrogen, antimony, and arsenic combine with
either three or five equivalents of other atoms. Most metals, he noted,
exhibit the same variability. A particularly puzzling case was that of
iron, which forms oxides in two different patterns, ferrous oxide and
ferric oxide—modern FeO and Fe,O;. Did the Fe atom really weigh 56,
as Berzelius thought, and as was implied by these two formulas? Or
did it weigh half as much, suggesting the respective formulas Fe,O and
Fe,O3? Or twice as much—FeO, and FeO,? All of these formula pairs
seemed a bit ugly, though many chemists in the 1850s, including re-

34. Williamson, “Additive Formulae” (1854), 126.
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formers such as Gerhardt and Williamson, inclined to the assumption
that Fe = 28.

Many chemists attempted answers to these and related puzzles in a
rapid-fire tempo. The contributions summarized in the following sub-
sections all appeared in the three years 1854-56.

Laurent

How, indeed, can the existence of two distinct series of iron compounds
be understood? Laurent proposed that the answer might be found in
hidden subatomic entities that combined in different ways. Let us imag-
ine that there exist two different kinds of iron atoms, “ferrosum” at-
oms, symbol “Fe,” which form ferrous (modern FeO-type) compounds,
and smaller “ferricum” atoms, symbol “fe,” which form ferric (modern
Fe,O;-type) compounds. Let us suppose that the fe atom weighs exactly
2/3 whatever the Fe atom weighs. If we posit that Fe weighs 28 relative
to H = 1, then ferrous oxide can be formulated as Fe,O, analogous to
water, and ferric oxide will then have the same pleasingly simple paral-
lel formula fe,O. But then how might one explain the fact that these
distinct kinds of iron atoms are each reducible in bulk to one identical
material substance, the metal we recognize as iron? Well, let us imagine
that the true ultimate iron particle is neither the ferrosum nor the ferri-
cum atom, but is actually a much tinier subatomic entity, “f,” weighing
2.33 relative to H = 1, such that 12 of these come together to form each
ferrosum atom Fe = f;, = 12 X 2.33 = 28. The ferricum atom would then
simply consist of 8 rather than 12 of these subatoms, exactly 2/3 the size
of ferrosum, as is required (fe = f5). We have here used the example of
iron, but the same ideas are applicable to other elements, as well.

Laurent explored this hypothesis in the pages of his book Méthode de
chimie, published posthumously in 1854. He wrote,

Even if we agree that there is a limit to the divisibility of matter, nothing compels
us to identify this limit of divisibility with the atoms of chemists; and we could
very well understand the cause of the law of definite [i.e., multiple] proportions by
the supposition that chemical atoms are nothing but molecular compounds com-
posed of a certain number of smaller atoms [petits atomes]. . . . Is this hypothesis
not in perfect harmony with the atomic theory; is it not confirmed by experience
[expérience]?*®

35. Laurent, Méthode (1854), 123-33, esp. 125-27. I have slightly modified Laurent’s nomen-
clature here, for greater clarity.
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Laurent thought: if several identical groups of atoms could connect
themselves together in the well-known phenomenon called polymer-
ism, then by a similar mechanism at an even subtler level one might
suppose that several identical groups of subatoms could connect them-
selves together to form atoms of various sizes, but all of the same ele-
ment. We will see versions of this idea reemerging several times in the
1850s and 1860s.

Gerhardt and Williamson

In his Traité de chimie organique (1853-56), Gerhardt developed his the-
ory of types, arraying most organic compounds according to the four
pattern-formulas of hydrogen (H,), water (H,0), ammonia (NHj;), and
hydrogen chloride (HCI). It was an excellent treatise—massive, thor-
ough, and meticulous. But it was all done as if it were an exercise in ac-
counting, true to the empiricist avowals in his preface. The question re-
mained whether Gerhardt’s formulas represented simple empirical fact,
or whether—as Williamson held—they indicated something about ac-
tual molecular structures. Although with the clarity of hindsight one
can see more than a hint of valence regularities in Gerhardt’s four infi-
nitely substitutable types, there was no molecular realism here, no ar-
rangement hypotheses, no evidence of the exercise of visual imagina-
tion. In accordance with his rigid methodological principle, Gerhardt
insisted that a mental blind be drawn over the molecular world.

But this was not the only available choice. In a brief summary of
recent chemical theory published in 1863, Williamson described how,
in the late 1840s, Gerhardt had attempted to construct chemical ideas
solely from empirical “synoptic” formulas, but had initially gained few
adherents. Such formulas “represent in the simplest terms the result of
a chemical reaction, but they give no physical image of the progress by
which the reaction is brought about. The introduction, in this country,
of the water type in connexion with polyatomic as well as monatomic
radicals, was found to satisfy the requirements of the synoptic formu-
lae. Gerhardt was the first to adopt them [in his Traité] from us.”3¢ Wil-
liamson was trying to phrase all this modestly, but his opinion cannot
be mistaken. Gerhardtian positivism, he thought, was an unpromising
cul de sac, which was fortunately rescued and transformed, from 1850
on, by Williamson’s molecular realism, assisted by his (mental) “physi-
cal images” of chemical processes.

36. Williamson, address to the Chemical Section (1863), emphasis added.

51



CHAPTER TWO

Such realism was further revealed in a paper that Williamson read
to the Royal Society in February 1854. It was already known that sul-
furic acid, SO H, in the Gerhardtian formulation, could be chlorinated
by phosphorus pentachloride to form SO,Cl,, a reaction in which Cl
replaces OH twice. Williamson revealed that it was possible to arrange
for the chlorination to occur in two separate stages, and he was able
to isolate the once-chlorinated intermediate (or asymmetric) com-
pound, chlorosulfonic acid, HSO;Cl. In this compound, the “bibasic”
SO, radical was obviously uniting two different entities, OH and Cl, for
otherwise “we should have obtained a mixture, not a compound of the
chloride with the hydrate.”?” This is a reprise of the same kind of argu-
ment that he had used in 1850-51, and that several others had used in
the meantime (e.g.,, Hofmann, Brodie, and Gerhardt). As we have seen,
even opponents of the reform movement found this “asymmetric syn-
thesis” argument compelling. It was another indication not only of the
truth of Gerhardt’s weights and formulas, but also of the fruitfulness of
Williamson'’s realist scientific style, assisted as it was by the “physical
image” of the molecules that he manipulated in his mind’s eye.

Odling

William Odling (1829-1921) had a recent London University M.D. and
was lecturer in chemistry at Guy’s Hospital at the time of Kekulé’s ar-
rival in London. During Kekulé’s London period, Odling was a close as-
sociate of Williamson and a respected younger member of the progres-
sive circle of London chemical theorists. His substantial contributions
to the emergent valence theory consisted of a paper on what he called
the “substitution value” of atoms and radicals, and a second more gen-
eral essay on the nature of organic radicals.

About the time Kekulé arrived in London, Odling presented to the
Chemical Society what he said was largely an elaboration of William-
son’s work on the “water type.” He suggested that acids and bases of
almost any degree of complexity could all be schematically represented
by the water molecule, multiplied as many times as required, and ap-
propriately substituted according to the “replaceable, or representative,
or substitution value” of various atoms or radicals.®® As an account-
ing mechanism he suggested the use of single, double, or triple prime
marks after the element or radical symbol to indicate the respective

37. Williamson, “Note” (1856), 14.
38. Odling, “Acids and Salts” (1854).

52



THE ARCHITECT OF MOLECULES

substitution-value of the atom or radical of one, two, or three. At one
point he seemed to express Williamsonian molecular realism, for he
commented that in the water molecule, “the separable equivalents of
hydrogen are held together by the indivisible oxygen.”

But careful study of his myriad formulas leaves no doubt that he was
most strongly influenced by Gerhardtian molecular positivism. His for-
mulas were constructed to create an equal number of prime marks on
both sides of the bracket, not to express presumed sequential physical
arrangements of atoms within the molecule—much less any presumed
linking function of atoms or radicals. For example, for hyposulfuric
acid, sodium hyposulfite, anhydrous carbonic and sulfuric acids, and
metaphosphoric acid, he wrote:

$0,'SO,’ oXe co” S0," PO"
ZO// ON+S/V 20// ZO// 20//
2H' 2Na’ co’ $S0," H’

all of which are difficult to imagine in a Williamsonian “linking”
sense.? Nonetheless, this paper represents a significant expansion of the
incipient doctrine of the “substitution-values” of atoms and radicals.

A little more than a year later, on 16 March 1855, Odling presented
a Friday Evening Discourse at the Royal Institution entitled “On the
Constitution of the Hydro-carbons.” His goal was to demolish the
whole notion of radicals as preexisting parts of molecules. Radicals,
he averred, are nothing more than a convenient means of accounting
for and notating the components of compounds, and have no further
signification. For instance, he reproduced the following four formulas,
listing his understanding of their originators under the first three:

H-CH? H2-CH? H3-CH H*C
Liebig Dumas Odling

The last formula—a stable compound, not a radical—is that of marsh
gas, today known as methane. Some, following Anschiitz, have under-
standably seen in this paper the proposal of a fiftth chemical “type” to
add to Gerhardt’s four, namely the “marsh gas type,” and a modern
chemical eye sees an implicit suggestion of carbon tetravalence here.

39. In the late 1860s Odling opposed Williamson'’s strong public defense of atoms. In 1898
he conceded that this opposition had been unwise; he said that he had always been content to
follow in Williamson's footsteps, but that unfortunately he had more than once lagged behind
(Odling, comment, Chemical News).
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But we must be careful. The same modern eye sees the implication of
monovalence, divalence, and trivalence in Gerhardt’s other types, and
here it becomes even more striking, since Odling uses atomic weights
and molecular formulas that match ours today. But it was not Odling’s
intent to claim that the carbon atom is tetravalent. Even the more plau-
sible position that he was suggesting that carbon has a “substitution-
value” of four is uncertain. In fact, his purpose here seems not to have
been to explore substitution-values at all, as he had done a year earlier,
but to attack the very idea of radicals from a position of Gerhardtian
molecular agnosticism. Nonetheless, the paper surely influenced con-
temporaries, Kekulé foremost among them. Kekulé may well have at-
tended Odling’s lecture.*®

Will and Kopp

When Liebig transferred to Munich in 1852, his erstwhile junior col-
leagues Hermann Kopp and Heinrich Will became his joint succes-
sors in Giessen. In the presence of the master, both had been publicly
cautious and noncommittal in the theoretical realm. But in the fall of
1854 each declared himself in favor of Williamson’s new approach. Al-
though neither man contributed in a direct or substantial way to the
emergent ideas about atomic valence, this simultaneous move gave the
movement of the valence theorists a further impulse.

In Liebig’s Annalen for October 1854, Will published a paper “On the
Theory of the Constitution of Organic Compounds.” We now know, he
affirmed, that carbon and oxygen have the higher atomic weights (12
and 16, respectively), and that there are no oxides in salts and no water
in acids. Williamson’s study of organic acids in particular, he wrote,
“allows us to look into the inner construction and arrangement of the
smallest particles, which gives us ever more information . . . The reform
of chemistry in this direction was prepared by Gerhardt, and there can
be no doubt that it will prevail.”#! Will’s concern with the “inner con-
struction and arrangement” of the atoms within organic molecules and
his reference to “bonding patterns” demonstrate how receptive he was
to the various novel ideas then being floated.

A paper by Kopp appeared in the very next monthly issue of the

40. Odling, “Hydro-carbons” (1855); Anschiitz, 1:109-12 (who incorrectly stated that Kekulé
was no longer in London at this time).
41. Will, “Theorie” (1854), 292.
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same journal. The Gerhardt-Williamson theory of the constitution of
organic compounds provides not only “empirically-supported clarity”
in a chemical sense, Kopp wrote, but in a physical sense as well, regard-
ing regularities he revealed here in the specific volumes of liquid sub-
stances. Whether the theory is true or not, he cautioned, is still an open
question. But Kopp indicated, subtly but clearly, and for the first time,
his definite preference for this theory.*> These declarations of Will and
of Kopp, both of whom were respected midcareer chemists, gave addi-
tional momentum to molecular ideas in development.

Frankland and Kolbe

We have seen that in 1852 Frankland unequivocally rejected copulas,
embraced substitution, and proclaimed a form of what became known
as atomic valence. Between 1851 and 1856 Frankland explored a wide
variety of organometallic compounds, and we can see in this work his
steadily increasing accommodation to type-theoretical ideas. He was
interested in his novel organometallics not only for their own sake,
but also to employ them as tools that might allow him to “ascend the
homologous series of organic bodies”—that is, systematically and in
a controlled way to increase the carbon content of hydrocarbons—in
order to obtain “clearer views of [their] rational construction.” But
during this period Frankland was not yet ready to accept all of the
Gerhardtian apostasies. He embraced neither the reformed notation
nor the new atomic weights, and he even retained some elements of
electrochemical-dualist theory.*?

At first strongly opposed to Frankland’s substitutionism and rejec-
tion of copulas, Kolbe was gradually persuaded by the flood of evidence
that came out in these years, especially the various applications of Wil-
liamson's “asymmetric synthesis” argument. By the beginning of 1856
Kolbe had quietly conceded the accuracy of Frankland’s 1852 general-
ization. During the course of that year the two friends exchanged fur-
ther correspondence, and in December Kolbe submitted to Liebig’s An-
nalen a paper that offered a new type-theoretical way of looking at the
construction of carbon compounds, all based on the type of carbonic
acid. The paper appeared in Kolbe’s name alone, though Frankland
later stated, both publicly and privately, that the paper was actually

42. Kopp, “Volume” (1854), 24-28.
43. Russell, History of Valency, 118-28; QR, 181-83.
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joint-authored, Kolbe having omitted his name by mere inadvertence.
Although Kolbe partially conceded Frankland’s point, the whole truth
of the matter is complicated.**

Kolbe’s formula for carbonic acid was 2HO.C,0,, where C =6, O = 8,
and pre-formed water (expressed in equivalents as HO, technically a
half-molecule) exists in the compound. In Berzelian theoretical terms,
the formula indicates the bibasic character of the acid by depicting two
substitutable water molecules outside the radical to the left—sodium
carbonate, for instance, being formulable as 2NaO.C,0,. The Kolbe-
Frankland theory amounted to the idea that successive substitutions
of hydrogen atoms or hydrocarbon radicals for the four oxygens in car-
bonic acid could generate the schematic starting points for all organic
acids, ketones, aldehydes, and alcohols:

2HO.C,0, HO.(C,H,),C,0;  (C,H;),C,0,  (C,H3)HC,0, HO.(C,Hy)H,C,0

carbonic acetic acid acetone aldehyde alcohol
acid

So, for instance, acetic acid is carbonic acid with one oxygen substi-
tuted by methyl, acetone has two oxygens replaced by methyl radicals,
aldehyde is the same except one of the two methyls is replaced by hy-
drogen, and alcohol is aldehyde with a third oxygen atom of carbonic
acid replaced by hydrogen. (In Kolbean terms, one ignores the water
molecules HO to the left of the period.)

This paper formed the basis for the later claim of both men to have
been the first to state what became known as the tetravalence of the
carbon atom, and we can certainly see their point. Instead of starting
out with a fully reduced hydrogen compound and depicting successive
substitutions of hydrogen atoms, as the type theorists had done (e.g.,
starting with H,O or NH;), Kolbe and Frankland started with the fully
oxygenated compound and depicted successive substitutions of oxygens.
This worked well from an equivalentists’ standpoint, for the oxygen
symbols, as equivalents, operated as monovalent entities, just like hy-
drogen. To concur with Kolbe’s and Frankland’s claims to have been
the discoverer of the tetravalence of the carbon atom, one must also,
of course, take their tetravalent entity to be the “double atom” (= two
equivalents) of carbon, C,. So while we can sympathize with Kolbe
and Frankland, we can also understand why reformers, now thinking
thoroughly in terms of reformed atoms and atomic weights, would not
want to accept this point of view.

44. Kolbe, “Zusammensetzung” (1857); Russell, History of Valency, 123-27; QR, 184-87.
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Wurtz

Despite the traditional chemical formulations in Adolphe Wurtz'’s early
work to 1853, there were more than occasional hints of reformist think-
ing, including a predilection for mechanical-structural language and
metaphor.*> At such times Wurtz probably thought that here he was be-
ing entirely consistent with the type theory of his mentor Dumas, who,
as we recall from chapter 1, also used mechanical-structural language
in his papers of 1839-40.

From 1853 on, Wurtz accepted most of the leading propositions of
the reform movement, but differed strongly from Gerhardt in chemical
ontology and epistemology. For Gerhardt, all deep theory, especially
molecular theory, was to be avoided. Chemical “types” were quite arbi-
trary assignments, being merely synoptic summaries of empirical evi-
dence (chemical reactions), and the same substance could sometimes
be equally well represented by formulas from two different “types.” For
Waurtz, on the other hand, type formulas had a “true molecular signi-
fication,” and must indicate the chemist’s understanding of the actual
arrangements of the atoms within the molecule.*® Wurtz and William-
son were of the same mind in this regard, and so it is not surprising
to see them joining forces. Late in 1853 Wurtz asked Williamson to
supply him, as one of the editors of the Annales de chimie, with a sum-
mary in French of his ether theory papers of 1850-51—for none of the
four papers had yet appeared in French translation in a major French
chemical journal. This summary was published early in 1854, prefaced
with an editorial note by Wurtz. Wurtz subsequently told Williamson
that it had “created a sensation.”’

Stimulated by further work by Williamson and by Marcellin Berth-
elot, in April 1855 Wurtz further extended his thinking. He wrote that
the radical of the monobasic alcohol propyl alcohol (C°H’) can be con-
verted into the radical of glycerin (C°H?), a tri-alcohol, simply by sche-
matically abstracting two hydrogen atoms. This alteration, Wurtz sug-
gested, changed a monobasic into a tribasic organic radical. Moreover,
one can understand glycerin as composed of three distinct hydrocar-
bon groups that substitute, one hydrogen atom each, into three water
molecules—that again explains the molecule’s tribasicity. It is the glyc-

45. Wurtz, “Acide sulfophosphorique” (1847), 480-81; Wurtz, “Alcaloides” (1850), 444-46,
495-507. The following discussion summarizes material in NS, 20-22, 155-75, 189-211.

46. Gerhardt and L. Chiozza, “Recherches” (1853); Wurtz, “Dédoublements” (1853); Wurtz,
“Amides” (1853); Gerhardt, “Amides” (1853); Wurtz, “Nouvelles observations” (1853).

47. Williamson, “Théorie” (1854); NS, 192-98.
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eryl radical that provides the material connection (“lien”) between the
three linked (“conjuguées”) water molecules, just as oxygen holds two
hydrogen atoms into a single molecule of water. In the course of this
paper Wurtz provided perhaps the first-ever proposal of an empirically
supported and fully resolved constitutional formula for a complex or-
ganic compound. He expressed the constitution of glycerin as:*®

CH
OZ

H

CH
OZ

H

CH
OZ

H

One should note that Wurtz was still using conventional equivalents,
so that it is necessary to halve the number of oxygen and carbon atoms
in order to translate this formula into a Williamsonian atomic weight
formula. But similar to Williamson, one sees no brackets, braces, buck-
les, parentheses, or punctuation. As with Williamson’s formulas, Wurtz
expressed his ideas about the constitution of a molecule solely by the
spatial relationships of the letters that symbolize the atoms it contains.

Two months later (June 1855) Wurtz announced the successful syn-
thesis of five novel mixed or asymmetric hydrocarbons (ethyl-butyl,
ethyl-amyl, butyl-amyl, butyl-caproyl, and methyl-caproyl), all pro-
duced by the reaction of iodides of the radicals with sodium metal—
e.g., ethyl iodide and butyl iodide react with sodium to yield, inter
alia, the new substance ethyl-butyl. This is precisely what Hofmann
and Brodie had tried but failed to accomplish, pursuing Williamson'’s
“mixed ether” strategy, in December 1850. It is a testament to Wurtz’s
experimental artistry that he succeeded.*

But even more important were his theoretical conclusions. Citing
Williamson’s etherification argument as his model, Wurtz argued that
these asymmetric or mixed radicals proved that the larger Gerhardtian

48. Wurtz, “Combinaisons glycériques” (1855).
49. Wurtz, “Radicaux organiques” (1855).
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(dimer) formulas were correct. (If the Kolbe-Frankland formulas were
true, then the product of Wurtz’s reaction should have been mixtures
of monomer radicals, rather than single asymmetric products.) More-
over, he said, his work leads to the conclusion that the putatively mo-
nomeric gas molecules H, O, and N must likewise now be regarded as
dimeric H,, O,, and N,; that O = 16 rather than 8, and hence C =
12 rather than 6; and that two-volume formulas must be regarded as
universally reflecting molecular reality. In sum, he averred, the truth
of the Gerhardt-Laurent theories was now placed beyond question by
experimental evidence.*°

And something more. Perhaps (he wrote), a nitrogen or a phospho-
rus atom is analogous to a tribasic radical like glyceryl. Here he adopted
Laurent’s subatomic speculation, but with an interesting new twist. The
nitrogen atom, he suggested, might be “formed from three juxtaposed
and inseparable [sub]atoms.” Let us symbolize the nitrogen subatom by
“n,” with each n weighing 1/3 what the nitrogen atom weighs (i.e,, n =
14/3 = 4.67). So the nitrogen atom, N = n,, is tribasic, because each of
the three nitrogen subatoms is separately capable of uniting with a hy-
drogen or a chlorine atom (that is to say, each subatom is monobasic),
but because the three subatoms are indissolubly combined into one ni-
trogen atom, the NH; molecule is a stable entity—just like the glyceryl
radical holding three other components into a single molecular unity.
In this sense N is really n;, P is really p;, and so on. In other words,
just as the molecular structure of the glycerin molecule explains its triba-
sicity, so also might the atomic structure of the nitrogen atom explain
its tribasicity (later called “trivalence”). “But as this notation rests on
considerations that are not susceptible of rigorous demonstration,” he
wrote, “I renounce them for the moment.”*!

A few months later, in his paper on glycol and its compounds, Wurtz
introduced a new synonym for what he had hitherto called a “triba-
sic” atom or radical, namely, that it is “triatomic,” signifying what we
now would call trivalent. It is likely that this change of terminology is
connected to his new idea. If his subatomic speculation were true, a
“triatomic” atom can form connections to exactly three other atoms
or radicals because it consists of precisely three permanently connected
subatoms; a single atom is thus in a very literal sense tri(sub)atomic.
Thus, the new terminology, which was adopted almost immediately by

50. Tbid., 312-13.
51. Ibid., 306-7n. Again, I have slightly altered Wurtz’s symbolism for the sake of clarity.
Adopting Odling’s prime marks for substitution values, he actually wrote Az” = az’ and Ph = p°.
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Berthelot, then by Kekulé, then more generally by others in the Euro-
pean chemical community, may have encoded a veiled reference (by
some but not all who availed themselves of the terms) to Wurtz’s sub-
atomic speculation.>2

Waurtz’s speculation probably had been sparked by his reading of
Laurent’s book, published just months earlier, but we see that Wurtz
had applied the idea of subatoms in quite a different way and for quite
a different purpose than Laurent had. Wurtz’s subatomic speculation
had an interesting life after its birth in the summer of 1855. In any
case, the work described here opened a floodgate of new reactions and
syntheses that poured forth from Wurtz’s laboratory in the following
few years. In the words of his friend A. W. Hofmann, Wurtz “conjure[d]
a galaxy of new compounds before the mental eye of chemists.”>* And
especially before the mental eye of one chemist in particular, as we will
see in the next section.

Molecular Dreams

In the second section of this chapter we summarized Kekulé’s research
on the sulfuration of organic acids. In this paper Kekulé made the same
argument about the sulfur atom that Williamson had about oxygen.
Sulfuration yields a single product, “which,” he wrote in the English-
language version, “according to the bibasic nature of sulphur, must
have been expected.”>* In the longer German-language version, Kekulé
explained this point more fully. In sulfuration reactions, by contrast
to chlorinations, the reaction fragments remain united, because “the
quantity of sulfur that is [chemically] equivalent to two atoms of chlo-
rine is not divisible.” Therefore: “It is not merely a difference in nota-
tion, but [it is] rather an actual fact, that one [molecule] of water con-
tains two atoms of hydrogen and only one atom of oxygen; and that
the quantity of chlorine equivalent to one indivisible atom of oxygen is
divisible by two, while sulfur, like oxygen itself, is dibasic, so that one
atom is equivalent to two atoms of chlorine.”s

Kekulé was surely influenced by Odling’s recent paper on “substitu-
tion values” of atoms and radicals and by Williamson’s paper on chlo-

52. See Wurtz, Histoire (1869), 277; Wurtz, “Glycol” (1856), 203.
53. Cited in Bauer, “Erinnerungen” (1919), 117.

54. Kekulé, “Suphuretted Acids” (1854), 37.

55. Kekulé, “Schwefelhaltige Sauren” (1854).
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rosulfonic acid. But here Kekulé was extending an idea to oxygen and
sulfur atoms that Williamson had only explicitly applied to radicals,
and Odling’s molecular positivism would have inhibited the kind of re-
alist argument exhibited here. Frankland’s major 1852 paper may also
have had an effect on Kekulé’s thinking, but Frankland was still loyal
to electrochemical dualism and had proceeded very cautiously; his in-
fluence on Kekulé remains uncertain.

Kekulé later asserted that this paper contains the first explicit state-
ment of the “bibasic” character of oxygen and sulfur atoms, namely,
that each atom of either of these two elements can form a material link
between two monobasic entities. That constitutes a kind of claim to the
concept of valence. Others made competing claims, especially Frank-
land (on the basis of his 1852 paper), Kolbe, and Wurtz; and of course
one must also take into account the powerful influence of Williamson.
The point here is not to try to adjudicate these disputes; the preceding
section of this chapter suggests how useless any such endeavor would
be. The object is rather to understand how and why so many different
chemists, indeed, most of those who were theoretically active in the
science, were simultaneously approaching the same set of ideas.

Once chemists conceived of atomic valence—that certain kinds of
atoms can connect to just one other atom, others to exactly two, oth-
ers to exactly three, still others to four other atoms—they could ex-
plore the possibility of constructing molecules, in thought, following
those valence rules. This led, in some minds then and now, to a kind
of stripped-down, simplified conception of structure theory that has
much in common with the popular American Tinkertoy set for children
(patented in 1914). I presented this analogy in the preface and noted
there that this gamelike characteristic constituted one of the greatest
advantages, and also one of the greatest disadvantages, of the theory.
The advantage was its simplicity and appeal; the disadvantage was that
to many observers it seemed far too childish to be a probable depiction
of nature.

Much later, Kekulé stated on three separate occasions® that he had
privately developed his structure theory during his years in London,
though he only published the theory in two articles of 1857-58, after
moving to Heidelberg. In both of those published papers he disclaimed
originality, at least “for the most part,” for the leading ideas within

56. Anschiitz, 1:558; 2:940, 951 (1883, 1890, 1892). For more details, see chapter 3, this
volume.
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them. In his 1857 paper, which offered a partial and preliminary an-
nouncement of certain structure-theoretical ideas, he wrote:

In order to avoid detailed historical comments, | want to say at the outset that |
make no claim for originality in what follows, for the most part at least; it is, rather,
nothing more than a further development of leading ideas that Williamson has from
time to time communicated—what one might call the “theory of polyatomic radi-
cals”; ideas that Odling first further developed in his paper on the constitution of
acids and salts; which, since Gerhardt partially adopted them in the fourth volume
of his Traité (without, however, as can easily be shown, conceiving them strictly in
Williamson’s sense), have often been repeated in German journals, and whose util-
ity now . . . can probably no longer be contested.

In the second article of 1858, containing the first full statement of
structure-theoretical principles, especially the extended application to
carbon, he wrote:

In this connection, | must once more emphasize that | consider a large portion of
these views as in no way stemming from me; rather, | am of the opinion that in ad-
dition to the earlier-named chemists (Williamson, Odling, Gerhardt), from whom
more detailed discussions of these subjects can be had, others as well share at least
the fundamental ideas at the heart of this theory; above all, Wurtz, who, never
thinking it necessary to develop his ideas more fully, nevertheless permitted others
of us to infer them by reading between the lines of each of his classic researches,
through which the development of my views first became possible.

These are careful statements. Kekulé appreciated the complex in-
terplay between these five leading personalities, counting himself; it
is unfortunate, though not surprising considering their personal rela-
tions, that he omitted Frankland’s and Kolbe’s names. His acknowledg-
ment of the contributions of Williamson, Odling, Gerhardt, and Wurtz
is unusually frank and generous. We see at the end of the first quotation
that Kekulé also allied himself publicly to Williamson’s philosophy of
molecular realism, dissociating himself from the molecular positivism
of Gerhardt. Finally, the particularly strong acknowledgment of Wurtz
in the second article is suggestive. What “reading between the lines”s”
of Wurtz’s papers did Kekulé need to do?

57. Advice that Kekulé repeated in his Benzolfest speech of 1890: “He who aspires to be a
scientist must study the [works of the greatest researchers| so thoroughly that he is able not only
to read between the lines, but even to develop the ability to divine unexpressed thoughts” (An-
schiitz, 2:945).
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At a public celebration in his honor in 1890, in “highly indiscrete
revelations of my intellectual life,” Kekulé spoke of the origin of his
ideas on carbon tetravalence and self-linking.

During my time in London | lived for quite a while in Clapham Road, near the Com-
mon. However, | frequently spent my evenings at the home of my friend Hugo
Miiller in Islington, at the opposite end of the metropolis. We spoke of many things,
but mostly of our beloved chemistry. One lovely summer day | rode once more, by
the last omnibus, through the now deserted streets of the otherwise so lively city,
“outside,” on the upper deck of the omnibus, as usual. | sank into reveries [Traumer-
eien]. The atoms began to gambol before my eyes. | had always before seen them
in motion, these tiny creatures, but | had never succeeded in discerning the nature
of their motion. This time | saw how two of the smaller ones frequently paired off;
how larger ones seized two small ones, how still larger ones held three and even
four of the tiny atoms together, and how they all moved in a whirling dance. | saw
how the larger ones formed a line, and dragged the smaller ones along only at the
end of the chain. | saw what the venerable Kopp, my honored teacher and friend,
so charmingly depicted for us in his “Molekularwelt,” but | saw it long before him.
The cry of the conductor, “Clapham Road!”, awakened me from my reveries, but |
spent part of the night committing at least sketches of these dream figures to pa-
per. This was the birth of the structure theory.

Let us put ourselves in Kekulé’s shoes, in London in the summer
of 1855. The science was rapidly changing, even month by month. In
March 1855 Odling had orally presented his paper on hydrocarbon
radicals, and it is likely that Kekulé was an interested observer. In April
Wurtz’s article on the constitution of the glyceryl radical was printed.
Then in June and July Wurtz published his work on the “mixed” radi-
cals (containing his subatomic speculation) in the Comptes rendus of
the Académie des Sciences and the Annales de chimie et de physique, re-
spectively; we know that these articles appeared in print immediately
and so would have been available to Kekulé before his departure from
London in September 1855.

I suggest that in this exciting climate the most productive stance
turns out to have been the realist-mechanist metaphysics, along with
its natural ally for chemists, an unapologetic use of the visual imagi-
nation. We have pursued evidence of such a practice in some of the
personalities treated in this and the previous chapter, but in this regard
Kekulé was arguably the most favorably positioned scientist. His visual
artistic and architectural talent and training, his further informal ed-
ucation at the hands especially of the equally visual Williamson, his
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mastery of the science, his eclecticism, his use of the realist-mechanist
approach, his strong predilection for theory, and his powerful scientific
imagination®® all served him well.

So Kekulé meditated on Williamson's water type, with those mov-
able diagrams and shuffling atoms; on Wurtz’s resolved formula for
glycerin; on Odling’s substitution-values and marsh-gas radicals; and
on Laurent’s and especially Wurtz’s subatoms. I suggest that Wurtz’s
subatomic speculation was literally and intentionally portrayed in
Kekulé’s notorious “sausage” formulas, which he used in his lectures
from at least 1857 and which appeared in print in the first install-
ment of his textbook, published in 1859; I suggest that these formulas
also embody the dream figures he portrayed in his “omnibus” anec-
dote. (In these “sausage” formulas, to be discussed in chapters 3 and
4, Kekulé’s representation of an atom of carbon indeed appears sau-
sagelike: four interconne