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Carmen J. Giunta, Vera V. Mainz, and Gregory S. Girolami

Abstract

The declaration by UNESCO of 2019 as the International Year of the Periodic
Table sparked celebrations and renewed study of this icon of science. Activities
included exhibitions, symposia, and publications—including the present volume.
A few of those events are reviewed, and the contents of the present volume are
previewed.

1.1 International Year of the Periodic Table (IYPT2019)

Late in 2017, the United Nations (UN) General Assembly proclaimed 2019 to be
the International Year of the Periodic Table of Chemical Elements. In so doing, it
endorsed a resolution that UNESCO (the United Nations Educational, Scientific and
Cultural Organization) had adopted earlier in the year. The proclamation was a
recognition of the importance of chemistry to the UN’s sustainable development
agenda in contributing to “solutions to global challenges in energy, education,
agriculture and health” [1]. The year 2019 was an appropriate one to celebrate the
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Fig. 1.1 Official logo of the International Year of the Periodic Table (https://iypt2019.org)

table because it was the 150th anniversary of the first table by the most influential
discoverer of the periodic system, Dmitri Mendeleev.!

The idea for IYPT2019 did not originate with the UN, however. The germ of the
proclamation appears to have come from a message from Martyn Poliakoff, Pro-
fessor of Chemistry at Nottingham University in the United Kingdom, to Natalia
Tarasova, Professor at the D. I. Mendeleev University of Chemical Technology in
Russia in the middle of 2016 [1, p. 14]. Poliakoff is well known to chemists and
chemistry students around the world as a presenter in Periodic Videos, a series of
short videos about the elements [2]. Tarasova was president of the International
Union of Pure and Applied Chemistry IUPAC) at the time, and she had been on the
management committee of the last UNESCO-sponsored year of chemistry, the
International Year of Chemistry in 2011. The IUPAC Executive Committee
approved exploring the idea, and before long Russian scientific and political sup-
port was lined up: the twentieth Mendeleev Congress on General and Applied
Chemistry endorsed the idea in 2016, and soon afterward the Mendeleev Russian
Chemical Society and the Russian Academy of Sciences followed suit.

IYPT2019 had a logo (Fig. 1.1) and a website [3], and it featured a large number
of activities organized and run by local organizations (chemical societies, schools,
museums, universities, etc.) around the world from Argentina (a nation named after
an element) to Zambia. The opening ceremony was held at UNESCO headquarters
in Paris in January 2019, and the closing ceremony at the Tokyo Prince Hotel in
December. Both events featured dozens of speakers and attracted hundreds of
attendees.

Among the notable conferences and symposia held in 2019 that focused on the
periodic table and its history were “Setting their Table: Women and the Periodic
Table of Elements” at the University of Murcia, Spain, in February; the Fourth
International Conference on the Periodic Table, Mendeleev 150, in St. Petersburg,
Russia, in July; and the 21st Mendeleev Congress on General and Applied

'As several chapters in this volume will make clear, Mendeleev is the best-known discoverer of the
periodic system of the elements and of its chief embodiment, the periodic table, but he was not the
first.
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Chemistry, also in St. Petersburg, in September. The symposium out of which this
volume grew was sponsored by the divisions of the History of Chemistry and
Inorganic Chemistry of the American Chemical Society (ACS), held at the Fall
2019 National Meeting of ACS in San Diego, California, in August.

1.2 150 Years of the Periodic Table: Symposium
at American Chemical Society San Diego Meeting

Vera Mainz, Gregory Girolami, and Carmen Giunta, the editors of this volume,
began planning a symposium to commemorate the 150th anniversary of Men-
deleev’s table in the summer of 2017. The three of us have long been active in the
ACS Division of the History of Chemistry, and we saw 2019 as an ideal time to
mount a symposium exploring the origins of the periodic system of the elements,
important episodes in its subsequent development, and even its future. Naturally
enough, after the proclamation of IYPT2019, we added our symposium to the
official list of IYPT2019 events.

The symposium program spanned three half-day sessions. The first session
treated classifiers of elements who preceded Mendeleev or were contemporaries of
his. Most of the second session dealt with developments in the periodic system in
the nineteenth century after the publication of Mendeleev’s first table. The final
session treated topics mainly from the twentieth century and beyond. A list of
symposium authors and the titles of their talks can be found in Table 1.1. We are
grateful to all of the speakers who participated in the symposium: their knowledge
about and interest in the periodic system made for lively presentations and dis-
cussions over the two days of the conference.

Most of the symposium speakers graciously agreed to contribute to the present
volume; their chapters will be previewed in the next section. The remaining
speakers also added greatly to the success of the symposium, despite being unable
to contribute to the book. At our request, Michael Gordin spoke about Mendeleev’s
career apart from the work for which he is best remembered today. Gordin’s
biography of Mendeleev, A Well-Ordered Thing, was issued in a revised edition in
2019 [4]. Alan Rocke applied his expertise in nineteenth-century German chemistry
to outline Lothar Meyer’s pathway to periodicity; his research on the subject was
published in Ambix [5]. Ana de Bettencourt-Dias is an inorganic chemist, spe-
cializing in the coordination chemistry and separation chemistry of the lanthanide
elements. She spoke about the problems the “rare earth” elements presented to
chemists and classifiers in the nineteenth century as well as on the present-day
debate over the position of the lanthanides in the periodic table. Brigitte van
Tiggelen compared views of the periodic system from Lise Meitner and Ida
Noddack. Van Tiggelen spent much of 2019 engaged with the topic of women and
the periodic table as co-organizer of the “Setting Their Table” conference men-
tioned above and as co-editor of a volume on women’s contributions to the periodic
system, Women in their Element [6]. Dawn Shaughnessy, leader of the Nuclear and



4 C. J. Giunta et al.

Table 1.1 Program for “150 Years of the Periodic Table” symposium held at the Fall 2019 ACS
National Meeting in San Diego, CA

William Jensen Trouble with triads

Carmen Giunta Vis tellurique of Alexandre-Emile Béguyer de Chancourtois

Julianna Poole-Sawyer Periodicity in Britain: Periodic tables of Odling and Newlands

Gregory Girolami Gustavus Detlef Hinrichs and his charts of the elements

Michael Gordin Mendeleev in St. Petersburg: Marginality of the periodic system

Alan Rocke Lothar Meyer’s path to periodicity

Mary Virginia Orna and Discovery of the elements predicted by Dmitri Mendeleev’s

Marco Fontani table: Scandium, gallium, and germanium

Ana de Bettencourt-Dias Rare earth elements

Jay Labinger History (and pre-history) of the discovery and chemistry of the
noble gases

Gary Patterson Sir John F.W. Herschel and the concept of periodicity

Virginia Trimble Hydrogen, helium, and metals: When astronomy met the
periodic table

Daniel Rabinovich Hydrogen to oganesson: Philatelic celebration of the periodic
table

Eric Scerri Impact of twentieth century physics on the periodic table and
questions still outstanding in the twenty-first century

Brigitte Van Tiggelen Uses of the periodic system after radioactivity and the discovery
of the neutron: Contrasting views of Lise Meitner and Ida
Noddack

Vera Mainz Mary Elvira Weeks and The Discovery of the Elements

Kit Chapman From neptunium to mendelevium: Element discovery and the
birth of the atomic age®

Dawn Shaughnessy Transactinide elements: How the 7th row of the periodic table
was discovered

Pekka Pyykko Periodic table after period 7

4Scheduled but not given due to illness of the author

Chemical Sciences Division at Lawrence Livermore National Laboratory (LLNL)
presented on the synthesis of transactinide elements—a topic in which she had
firsthand experience as principal investigator in the LLNL Heavy Element Program.

1.3 150 Years of the Periodic Table: The Present Volume
1.3.1 Mendeleev and His Predecessors

The present volume begins with Mendeleev, the historical figure most closely
associated with the periodic table and with the proclamation of I'YPT2019, in a
chapter by Ann Robinson titled “Dmitri Mendeleev and the Periodic System:
Philosophy, Periodicity, and Predictions.” Robinson briefly touches on efforts to
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classify the chemical elements before Mendeleev—efforts treated in greater detail in
the chapters immediately following hers—before exploring how Mendeleev’s
understanding of elements shaped his periodic system. Mendeleev’s distinction
between simple substances and elements, and the definiteness and individuality of
the latter, led him to eschew continuous representations of the properties of ele-
ments, and in particular to disfavor certain spiral representations of his periodic
system.

After Robinson’s chapter on Mendeleev, the first part of the book is organized
roughly chronologically, featuring several chapters on attempts to classify elements
before 1869. William Jensen’s chapter is called “The Trouble with Triads.” As
Johann Wolfgang Débereiner first observed early in the nineteenth century, triads
are sequences of three similar elements for which the average of the atomic weights
of the heaviest and lightest is approximately equal to that of the middle element.
Jensen discusses the use of triads by later classifiers of chemical elements in the
nineteenth century and examines the question whether Mendeleev based his
well-known successful predictions of undiscovered elements on triads.

In the next chapter, Gary Patterson and Ronald Brashear treat a natural
philosopher better known today for his contributions to astronomy than to chem-
istry, as well as an American who attempted to organize elements to teach chem-
istry. Their chapter is titled “Josiah Parsons Cooke, the Natural Philosophy of Sir
John F. W. Herschel and the Rational Chemistry of the Elements.” Herschel’s
chemical writings in his Preliminary Discourse on the Study of Natural Philosophy
and his 1858 presidential address to the Chemical Section of the British Association
for the Advancement of Science are examined in this chapter. In his address,
Herschel pointed to an 1855 paper by Josiah Parsons Cooke Jr. on classifying the
elements. Brashear and Patterson discuss that paper as well as Cooke’s later clas-
sification in his 1868 textbook First Principles of Chemical Philosophy.

Carmen Giunta’s chapter, “Vis tellurique of Alexandre-Emile Béguyer de
Chancourtois” treats the helical arrangement of elements and radicals that the
French geologist Béguyer de Chancourtois presented in 1862. Several historians of
the periodic system identify the vis tellurique as the first periodic classification, and
Giunta concurs. In addition to describing the arrangement itself, the chapter dis-
cusses its neglect by chemists until well after periodic classifications by Mendeleev
and Meyer were well known.

Giunta joins Vera Mainz and Julianna Poole-Sawyer to present the work of two
British classifiers of the elements in a chapter titled “Periodicity in Britain: The
Periodic Tables of Odling and Newlands.” William Odling and John Newlands,
working independently in considerably different circumstances, published periodic
arrangements of the elements in the middle 1860s. Neither was influential in the
development of the periodic system, but Newlands received belated recognition for
his work after pressing his claims.

Gregory Girolami delves into arguably the most obscure and least understood of
the periodic systems that predate Mendeleev’s in a chapter entitled “Gustavus
Hinrichs and his Charts of the Elements.” Hinrichs, a Danish-born American
polymath included a spiral periodic arrangement (double-spiral, in fact) in an 1867
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treatise on the structure of matter. That highly speculative Programme der Ato-
mechanik explained similarity among analogous elements by similarity of the
arrangements of their fundamental building blocks called pantatoms. Hinrichs also
published a slightly different classification of the elements in tabular form in 1869.

Two chapters on the work of Lothar Meyer complete the book’s first part. Gisela
Boeck’s chapter, “The Periodic Table of the Elements and Lothar Meyer,” is a
translation of a paper she originally had published in Chemie in unserer Zeit, a
journal of the Gesellschaft Deutscher Chemiker [7]. During his lifetime, Meyer was
recognized as a discoverer of the periodic system, sharing the 1882 Davy Medal of
the Royal Society (London) with Mendeleev. Boeck discusses Meyer’s incomplete
periodic system of 1864 published in his short and influential book Die modernen
Theorien der Chemie as well as his well-known periodic graph of atomic volumes
published in 1870.

An introduction and translation by Vera Mainz of key passages from Meyer’s
Modernen Theorien, “Translation of §§ 91-94 of Lothar Meyer’s Modernen The-
orien (1864),” follows Boeck’s chapter. The translated sections include several
tables, including Meyer’s table of 27 elements in a six-column periodic arrangement.
They also contain Meyer’s cogent discussion of the relationship that chemical theory
and experiment ought to have vs. the relationship that they frequently do have.

1.3.2 Discoveries of Elements: Successes and Challenges

The next several chapters treat the discoveries of new elements, particularly after
Mendeleev first formulated his periodic system in 1869. These chapters focus on
how these new elements challenged Mendeleev’s periodic system, forced it to
change, and eventually served to convince the world of its merits. This section
concludes with a study of the life and work of the foremost chronicler of these
discoveries.

Mary Virginia Orna and Marco Fontani describe the discoveries of three ele-
ments predicted by Mendeleev and found within two decades of the predictions.
Their chapter is called “Discovery of Three Elements Predicted by Mendeleev’s
Table: Gallium, Scandium, and Germanium.” In addition to recounting how
compounds of these elements and then the elements themselves were isolated, Orna
and Fontani discuss the changing standards by which element discovery has been
recognized since the 1870s and 1880s.

Simon Cotton’s chapter, “The Rare Earths, A Challenge to Mendeleev, No Less
Today,” concentrates on the discovery of the rare earth elements: scandium,
yttrium, and the lanthanides. He notes that the discoveries spanned about a century
and a half from yttrium (or rather its oxide) in 1794 to promethium in 1947. Only
five were known when Mendeleev made his first table. The questions of where to
put them and even how many there were puzzled chemists until the advent of
atomic number, and even now, just what elements are to be considered lanthanides
is an unsettled question. Cotton’s chapter concludes with a discussion of several
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aspects of recent lanthanide chemistry, including unusual coordination numbers and
oxidation states.

Mendeleev may have known of only five rare earths when he made his first
periodic table, but neither he nor anyone else knew of any noble gases at that time—
and Mendeleev was reluctant to credit the discovery of the first few when they were
found in the 1890s. Jay Labinger recounts how the elements of this group came to be
known in “The History (and Pre-History) of the Discovery and Chemistry of the
Noble Gases.” One of the discoverers of argon, William Ramsay, speculated about
the position of argon in the table even before it was isolated. Once characterized, it
certainly did not belong in the periodic table where its atomic weight (40) would
have placed it, between potassium (39.1) and calcium (40.1). Ramsay eventually
solved the dilemma of its place, predicting and then finding most of the elements of
the group. Labinger also recounts the flurry of noble gas compounds synthesized by
several researchers within a few months in 1962 and 1963.

In “Element Discovery and the Birth of the Atomic Age,” Kit Chapman describes
the discovery of the first synthetic elements—acknowledging the philosophical
question of whether synthesis really qualifies as discovery. Chapman begins by
recounting early experiments by Enrico Fermi that were erroneously interpreted as
resulting in the synthesis of elements more massive than uranium via the process of
neutron capture. As it happens, the neutrons broke apart the uranium nuclei (nuclear
fission) rather than sticking to them. Ironically, nuclear fission chain reactions ended
up providing the high neutron fluxes that permitted neutron capture and the synthesis
of elements 93 and 94 (neptunium and plutonium, respectively). The last elements
produced by neutron capture were 99 and 100 (einsteinium and fermium, respec-
tively), formed from the extremely high neutron fluxes in a thermonuclear explosion,
the “Ivy Mike” test of the first hydrogen bomb. The discoveries of these elements
were closely related to the development of nuclear power and nuclear weapons.

Vera Mainz concludes the focus on the discovery of elements with a chapter,
“Mary Elvira Weeks and Discovery of the Elements,” on a scholar who published
accounts of practically all the elements discussed in this section and many more.
Weeks was assistant professor of chemistry at the University of Kansas, the same
university at which she had earned her Ph.D. in chemistry, when she began writing
on how elements came to be recognized. She published 24 (!) papers on the subject
in the Journal of Chemical Education in 1932—-1933. The papers were collected into
the classic book Discovery of the Elements, which went through seven editions
between 1933 and 1968. Henry Marshall Leicester wrote a chapter on the elements
of the atomic age for the 6th edition (1956) and was co-author with Weeks of the
7th and final edition (1968).

1.3.3 The Periodic Table from Other Perspectives
The final set of chapters examines aspects of the periodic system and its elements

from perspectives of other disciplines—or at least using tools originating in other
disciplines such as astronomy, quantum mechanics, and philately.
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Virginia Trimble’s chapter, “Astronomy Meets the Periodic Table. Or, How
Much Is There of What, and Why?” chiefly addresses questions of nucleogenesis
and the cosmic abundances of elements. Trimble recounts that early in the twentieth
century, hydrogen was thought to account for only a small fraction of the mass of
stars, and that estimate rose during the course of the century. The chapter begins,
though, with observations of solar spectra leading to the proposal of three new
elements in the 1860s—one of which (helium) can still be found on the periodic
table.

Eric Scerri had an eventful [YPT2019—as did several other symposium speakers
mentioned earlier. He was one of the organizers of the Fourth International Con-
ference on the Periodic Table, Mendeleev 150, in St. Petersburg, and a revised
edition of his book The Periodic Table: its Story and its Significance was published
[8]. His chapter is titled “The Impact of Twentieth Century Physics on the Periodic
Table and Some Remaining Questions in the Twenty-first Century.” He begins with
a brief review of physicists’ work on the periodic table from the first half of the
twentieth century, including J. J. Thomson’s attempt to explain the table based on
his electronic model of the atom, Henry Moseley’s giving the table a better ordering
principle than atomic weight, and quantum aspects of the atom proposed by Bohr,
Pauli, and Schrodinger among others. Most of the chapter examines attempts over
the years to apply concepts of symmetry and group theory to the periodic table,
particularly the empirical Madelung rule for the filling order of atomic orbitals.

Pekka Pyykkd specializes in the theoretical study of the structure and chemistry
of very heavy elements, including elements heavier than those that have yet been
synthesized. His chapter, “An Essay on Periodic Tables,” ranges from historical
topics to theoretical limits to the periodic table (predicted for Z = 172), to physical
effects (such as relativity and quantum electrodynamics) that cannot be neglected in
the computational chemistry of heavy elements. Pyykko’s chapter was originally
published in Pure and Applied Chemistry, the scientific journal of IUPAC [9].

Daniel Rabinovich’s chapter, “The Periodic Table at 150: A Philatelic Cele-
bration,” returns us to where this introduction started, to IYPT2019. Algeria was the
first nation to issue a stamp in honor of IYPT2019, featuring the IYPT logo. Several
stamps depict Mendeleev through the IYPT logo, and one from Hungary also
shows Mendeleev’s handwritten draft of the periodic table. Sri Lanka issued a
stamp that displays a full 118-element periodic table with color-coded groups. The
stamps Rabinovich shows are visually engaging, celebratory, and often informative.

1.4 The End of the Beginning

The periodic table has been described as an icon of science, one that all scientists
and students of science encounter at some point in their careers. The table’s profile,
its arrangement of orderly but unequal rows and columns of boxes, is a distinctive
design that often appears in unexpected places in popular culture. How the periodic
table came to be constructed is a fascinating story that rewards serious study and
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warrants celebration. We think you will find that the following book contains
fascinating and occasionally surprising new insights into that story.

Finally, before plunging into the details previewed above, we hope you enjoy
this alternative arrangement of the elements, courtesy of Tom Lehrer [10], updated
to accommodate elements discovered since nobelium (1958)2:

There’s antimony, arsenic, aluminum, selenium,

And hydrogen and oxygen and nitrogen and rhenium,
And nickel, neodymium, neptunium, germanium,
And iron, americium, ruthenium, uranium,

Europium, zirconium, lutetium, vanadium,

And lanthanum and osmium and astatine and radium,
And gold and protactinium and indium and gallium,
And iodine and thorium and thulium and thallium.

There’s yttrium, ytterbium, actinium, rubidium,

And boron, gadolinium, niobium, iridium,

And strontium and silicon and silver and samarium,
And bismuth, bromine, lithium, beryllium, and barium.

There’s holmium and helium and hafnium and erbium,
And phosphorus and francium and fluorine and terbium,
And manganese and mercury, molybdenum, magnesium,
Dysprosium and scandium and cerium and cesium.

And lead, praseodymium and platinum, plutonium,
Palladium, promethium, potassium, polonium,

And tantalum, technetium, titanium, tellurium,

And cadmium and calcium and chromium and curium.

There’s sulfur, californium and fermium, berkelium,

And also mendelevium, einsteinium, nobelium,

And argon, krypton, neon, radon, xenon, zinc and rhodium,
And chlorine, carbon, cobalt, copper, tungsten, tin and sodium.

Rutherfordium, lawrencium, seaborgium, flerovium,
Darmstadtium, roentgenium, meitnerium, moscovium,
Copernicium, nihonium, oganesson, livermorium,

And tennessine, and hassium, and dubnium, and bohrium.

These are the only ones of which the news has reached Urbana
And there may be many others—for a chemist, that’s Nirvana!

2A joint effort of one of the co-editors (GSG) and his University of Illinois colleague Alex
Scheeline.
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Abstract

One of the projects undertaken by chemists during the first half of the nineteenth
century was organizing the elements in a meaningful way. By the time of the
Karlsruhe Conference in 1860, it was clear that atomic weight was likely the key
to creating an organizational scheme that could encompass most, if not all, of the
elements rather than small groupings. When Dmitri Mendeleev developed his
periodic law in 1869, others had already created systems in which the elements
were organized by atomic weight, in which it was postulated that the atomic
weights of some elements should be adjusted, and in which gaps were left for
elements that had not yet been discovered. These are also hallmarks of
Mendeleev’s system, yet it is his system which gained wide attention and
acceptance. This paper looks at Mendeleev’s system in relation to those of his
contemporaries. Three areas that Mendeleev emphasized as important in his
writings will be explored in greater depth: his philosophical understanding of
elements, which assisted in the development of the periodic law; his detailed
predictions for elements not yet discovered, which showcased the utility of the
periodic system; and his stress on the finiteness of periods, which influenced
what he saw as the best forms of the periodic table.

A. E. Robinson (BX])
Harvard University, Widener Library, Cambridge, MA 02138, USA
e-mail: ann_robinson @harvard.edu

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021 13
C.J. Giunta et al. (eds.), 150 Years of the Periodic Table, Perspectives on the History
of Chemistry, https://doi.org/10.1007/978-3-030-67910-1_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-67910-1_2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-67910-1_2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-67910-1_2&amp;domain=pdf
mailto:ann_robinson@harvard.edu
https://doi.org/10.1007/978-3-030-67910-1_2

14 A. E. Robinson

2.1 Introduction

In a lecture on the history of chemistry, German chemist Alfred Ladenburg
informed his audience that natural laws “do not originate suddenly in the head of a
single individual” [1]. Rather, over time and through the work of many, the facts are
determined and the fundamental ideas mature. It is then that someone, or several
someones, announce the law. The history of the periodic law follows this pattern.
Chemists spent much of the nineteenth century creating different ways to organize
and classify the elements. None of these schemes was entirely satisfactory, how-
ever, as many failed to encompass all of the elements and most lacked a single
fundamental property upon which a system could be based. When Dmitri Men-
deleev developed his periodic law in 1869, he built upon what he referred to as “the
stock of generalisations and established facts which had accumulated by the end of
the decade 1860-1870” [2].

This paper begins with an overview of the organization and classification of the
elements before Mendeleev and then considers three areas Mendeleev emphasized
in his writings which shaped his understanding of the periodic system. His philo-
sophical understanding of elements assisted in the development of the periodic law.
His detailed predictions for elements not yet discovered and reasons for changing
the atomic weights of some elements showcased the utility of the periodic system.
His stress on the finiteness of periods influenced what he saw as the best forms of
the periodic table.

2.2 Classification Before Mendeleev

Over the course of the first half of the nineteenth century, chemists searched for
meaningful ways to organize and classify the chemical elements. In his A New
System of Chemical Philosophy, John Dalton had tied atomic weight to the identity
of an element [3]. While not all of Dalton’s chemical atomic theory was accepted,
atomic weight quickly became the defining characteristic of an element and the
determination of atomic weights became an important field of research. It was
noticed early on that there was an arithmetic relationship between small groupings
of elements. These so-called triads were composed of three elements with similar
chemical properties in which the atomic weight of the center element was the mean
of the weights of the other two elements.' For example, in the grouping of calcium,
strontium, and barium, the atomic weight of strontium was the mean of that of
calcium and barium. These triads, however, were just that, groups of three. There
was no obvious way to connect all of the elements in a numerical relation-
ship. There were few attempts to do so, in part because there was a lack of accurate
atomic weights. Chemists knew that atomic weights were highly uncertain. Mul-
tiple bases for calculating weight and multiple understandings of the term atomic

"For more on triads, see Chapter 3 of this volume.
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weight made a single system based on that criterion difficult. A better method for
the determination of atomic weight became well-known in 1860, but until then
other means of organization needed to be used.

2.2.1 Before 1860

One of the most commonly used methods of classifying the elements was to divide
them into two groups, metals and metalloids (or non-metals). This was a seemingly
straightforward system that nonetheless caused confusion. As Leopold Gmelin
wrote in his noted handbook, “No exact line of demarcation can be drawn between
metals and metalloids” [4]. For example, some chemists placed iodine with the
metals as it had a visible metallic luster while others considered it to be a metalloid
based on other characteristics. It was a system based on only one characteristic but
one which was not always the most important characteristic of an element and one
which was open to interpretation. Other methods for classifying and organizing the
elements were sought.

2.2.1.1 Gmelin

Leopold Gmelin had been studying the numerical relationships between the ele-
ments since at least 1827. His arrangement displays triads, the word he used in
place of Dobereiner’s triplets [5]. In 1843, Gmelin published a system of the
elements in the fourth edition of his Handbook of Chemistry. Gmelin divided the
known elements into metals and metalloids. But, as noted, he was clear that it was
not an easy division to make. Based on triads, he then arranged the elements in
groups according to their chemical and physical properties. This was shown in a
table with a vee shape (Fig. 2.1). It was an “imperfect attempt” to arrange the
elements and he noted it would be better shown in three dimensions [4]. Across the
top of the vee were oxygen, hydrogen, and nitrogen, as none had a known anal-
ogous element. The electro-negative elements were placed on the left and the
electro-positive elements on the right [6].

2.2.1.2 Gladstone

In 1853, in an ordering that was unusual at the time, British chemist John Hall
Gladstone placed all of the elements in order according to their atomic weights.”
However, he did not see any obvious relationships. According to Francis Preston
Venable, the American chemist who wrote the first history of the periodic law, this
was because “the numbers used by Gladstone are too faulty to show any noteworthy
regularity” [7]. Gladstone then grouped the elements as Gmelin had done but
replaced the symbols of the elements with their atomic weights. He discerned some
numerical relationships in doing this, but they were largely triads. Why this was the
case, he did not know, but he was sure that these numerical relationships were not

2Venable states Gladstone was the first to do so, but this is incorrect. Marc Antoine Gaudin did so
in 1833, and before that Dalton published several partial lists organized in this way.
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Fig. 2.1 Gmelin’s vee shape classification. Reproduced from Gmelin (1844) [4]

mere chance. Further research was required, but he was hopeful an answer would
soon be found: “We can scarcely imagine that the intimate constitution of these
related elementary bodies will long remain an unfruitful field of investigation” [§].

2.2.1.3 Cooke®
Josiah Parsons Cooke, Jr., who taught chemistry at Harvard College, found the use
of only one characteristic as the basis of a classification system to be ridiculous. He
wrote in 1855 [9]:

For a zoologist to separate the ostrich from the class of birds because it cannot fly, would
not be more absurd, than it is for a chemist to separate two essentially allied elements,
because one has a metallic lustre and the other has not.

Rather a “correct” classification system should be based upon a “fundamental
property common to all the elements, the law of whose variation is known.”
However, it was not clear what that common fundamental property was. Such a
system also needed to encompass all of the elements, not just groups of triads.
Cooke created a classification in which the elements were placed into six series,
each containing elements that formed similar compounds and produced similar
reactions, had the same crystalline forms, and whose properties varied in a regular
manner [10].

2.2.2 The 1860s

A seminal event in the history of chemistry took place in 1860: an international
congress of chemists was held in Karlsruhe to discuss important aspects of
chemistry.* Among the matters discussed were the definitions of the terms atom,
molecule, and equivalent; a uniform chemical notation and nomenclature; and the

3For more on Cooke, see Chapter 4 of this volume.
“The Karlsruhe Congress was international in that chemists came from 11 European countries,
with a lone representative from Mexico. No chemists from the United States or Asia were present.
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question of equivalent weights and formulae [11, 12]. As Venable had noted about
the atomic weights used by Gladstone, there were many ways to determine the
atomic weights of the elements but the conversion of chemical analyses to atomic
weight remained uncertain. Perhaps the most important thing to happen at the
Karlsruhe Congress occurred at the end, when Italian chemist Angelo Pavesi dis-
tributed copies of an article written by his colleague Stanislao Cannizzaro. In it,
Cannizzaro described a method for determining atomic weight using the hypothesis
of Amedeo Avogadro and André-Marie Ampére [13]. Julius Lothar Meyer later
recalled that after reading it, “It was as though the scales fell from my eyes, doubt
vanished, and was replaced by a feeling of peaceful certainty” [14].

2.2.2.1 Chancourtois®

The French geologist Alexandre-Emile Béguyer de Chancourtois presented a series
of papers before the Académie des Sciences in 1862. He described the natural
classification of the elements he had developed. Although he had prepared a full
diagram of his vis tellurique, it was not published in the Comptes Rendus but rather
in a self-published pamphlet [15]. Chancourtois’s system was designed to be shown
on a three-dimensional helix. The elements were placed on the helix in order of
their atomic weight. His key insight was that, “The properties of the bodies are the
properties of the number” [16]. In other words, the properties of the elements were
tied to their atomic weights. Despite the importance of this insight, Chancourtois’s
work received little attention until after Mendeleev’s periodic law had gained
acceptance [17].

2.2.2.2 Hinrichs®

Danish-American Gustavus Detlef Hinrichs first hinted at his classification in an
1866 paper, stating that a series of papers was forthcoming that would show “the
properties of the elements as functions of their atomic weights” [18]. These papers
were not published and Hinrichs self-published his classification system in 1867
[19]. In his arrangement, the elements were placed in a spiral in order of atomic
weight. The lightest elements were closest to the center of the spiral while the
heaviest were furthest away. This spiral arrangement was not easy to read or to print
and Hinrichs later produced a tabular form which he used in his textbooks and other
publications [20].

2.2.2.3 Odling’

English chemist William Odling made several attempts to classify the elements. In
his 1857 attempt, he noted, much like Cooke, that although it was an acknowledged
fact that “the groupings of the elements are as real and certain as the natural families
of plants and animals,” in the usual systems “bodies manifesting the strongest
analogies are widely separated from one another.” Starting with triads, he arranged

SFor more on Chancourtois, see Chapter 5 of this volume.
SFor more on Hinrichs, see Chapter 7 of this volume.
"For more on Odling and Newlands, see Chapter 6 of this volume.
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the elements into 13 groups that shared important properties, emphasizing the use
of “fundamental” characteristics rather than “superficial” ones [21]. In his 1864
work, Odling organized the elements into a table. He left blank spaces as he felt that
the discovery of new elements “is not by any means improbable.” He also noted
that the numerical relations between the elements must “depend upon some hitherto
unrecognized general law” [22]. Odling’s table appeared as an appendix in the 1865
edition of his textbook, A Course of Practical Chemistry Arranged for Use of
Medical Students [23] and its French translation [24].

2.2.2.4 Newlands

John Alexander Reina Newlands, an English chemist, published several short works
in the weekly magazine Chemical News during the 1860s as he developed what he
referred to as the Law of Octaves [25]. Newlands arranged the elements by atomic
weight and discerned that “the numbers of analogous elements generally differ by 7
or by some multiple of seven,” meaning that the same characteristics reappeared
every eight elements. He arranged the elements in the order of increasing atomic
weight in a table of eight columns and seven rows [26]. Given that a number of new
elements had recently been discovered, Gladstone wondered if “the finding of one
more would throw out the whole system” but Newlands believed that the finding of
new elements or the revision of atomic weights would not “upset, for any length of
time, the existence of a simple relation among the elements, when arranged in the
order of their atomic weights” [27, 28]. For his Law of Octaves, Newlands was
awarded the Royal Society’s Davy Medal in 1887 [29].

2.2.2.5 Meyer®

Although Mendeleev is often credited as the sole discoverer of the periodic law,
German chemist Julius Lothar Meyer has a good claim for the title: he was, with
Mendeleev, awarded the Royal Society’s Davy Medal in 1882 [30]. After attending
the Karlsruhe Congress and reading Cannizzaro’s article, Lothar Meyer began work
on a chemistry textbook that would become a classic text, Die modernen Theorien
der Chemie [31, 32]. As Meyer revised his textbook, he also continued to develop
his classification of the elements. The first edition of 1864 contained a table with
only 28 of the known elements [33]. By 1868, the table contained 52 elements, the
vast majority, arranged by atomic weight and organized in 15 families [34] —but
this table was not published until 1895.

In response to Mendeleev’s first announcement of the periodic law, Meyer
published another table that he described as being “essentially identical with that
given by Mendeleev.” This table included 56 elements in nine columns. There were
gaps that he felt would be filled either by already known elements, once their
atomic weights had been more accurately determined, or by yet unknown elements.
He also included a second figure, one that would become very well-known in the
following decades. The atomic volume curve illustrated the variation of atomic
volume of solid elements when plotted against atomic weight. It clearly showed, he

8For more on Meyer, see Chapters 8 and 9 of this volume.
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wrote, “that the atomic volume of the elements, like their chemical properties, is a
periodic function of their atomic weight.” Although he believed the curve showed
there were errors in the accepted atomic weights of several elements, he stated that
it would be “premature” to make changes [35].

2.3 Mendeleev’s Periodic Law

Much has been written about Mendeleev’s discovery of the periodic law so only a
very brief overview will be given here [36-39]. Just as Meyer was working on a
classification system for the elements while writing and revising his textbook
Modernen Theorien, Mendeleev was working on a textbook of inorganic chemistry,
Principles of Chemistry, having already written an organic chemistry text. He was
seeking “some system of simple substances in order to be guided in their classi-
fication—not by arbitrary or subjective reasons, but by some exact, definite prin-
ciple” [40]. Mendeleev began arranging the elements by their atomic weights and
realized, much as Newlands had, that properties of the elements recurred on a
regular basis. The periodic law, as he stated it in his important paper of 1871, was
thus: “The properties of the elements (and of the simple and compound substances
which they form) show a periodic dependence on their atomic weights” [41].

2.3.1 Mendeleev’s Writings on the Periodic Law

Mendeleev wrote many papers relating to the periodic system [42]. The very first
paper published in 1869 served to announce and explain his discovery [43]. The
seminal 1871 paper, originally published in German, based on earlier Russian
papers, and later translated into French and English,” provided an in-depth look at
the periodic law, how it was applied to create a system of the elements, and how it
could be used to discover new elements, correct atomic weights, and otherwise
complete our knowledge of the elements [44]. In 1889, Mendeleev was asked by
the Chemical Society of London to deliver the Faraday Lecture and he used the
opportunity to reflect on the discovery and use of the periodic law and to comment
on more recent trends in chemistry [2]. Each edition of his textbook, The Principles
of Chemistry, also included thoughts about the periodic system.

These writings emphasize three areas which were important to Mendeleev’s
conception of the periodic system: his philosophical understanding of elements,
which assisted in the development of the periodic law; his detailed predictions for
elements not yet discovered and changes in atomic weights of known elements,

°The French translation was made eight years after the original German publication and
Mendeleev included a brief letter in which he provided some new thoughts on the periodic law.
The English translation, serialized in the weekly Chemical News, was hastily done; see Jensen [41]
for a more accurate version.
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which showcased the utility of the periodic system; and his stress on the finiteness
of periods, which influenced what he saw as the best forms of the periodic table.

2.4 Philosophical Conception of the Chemical Element

In 1810, Dalton defined the term element in this way [45]:

By elementary principles, or simple bodies, we mean such as have not been decomposed,
but are found to enter into combination with other bodies. We do not know that any one of
the bodies denominated elementary, is absolutely indecomposable; but it ought to be called
simple, till it can be analyzed.

For most of the nineteenth century, the terms “simple body” and “simple substance”
were generally used interchangeably with the term “element.” Mendeleev, however,
saw a distinction between elements and simple substances [46]. In a lecture given at
St. Petersburg University in 1867, he gave a definition for simple substances which
is almost identical with Dalton’s definition of elements. A simple body, Mendeleev
said, is a substance “which taken individually, cannot be altered chemically by any
means produced up until now or be formed through the transformation of any other
kinds of bodies.”

Mendeleev described elements as something else altogether—an abstract con-
cept. An element was “the material that is contained in a simple body and that can,
without any change in weight, be converted into all the bodies that can be obtained
from this simple body” [47]. The frequently given example is that carbon is an
element while graphite and diamond are simple bodies. We cannot see the element
carbon in the diamond, but it is still present in the simple body that is the diamond.

The clearest statement of this distinction can be found in his first major paper of
1869 [40]:

everybody understands that in all changes in the properties of simple substances, something
remains unchanged and that, in the transformation of the elements into compounds, this
material something determines the characteristics common to the compounds formed by a
given element. In this regard only a numerical value is known, and this is the atomic weight
appropriate to the element.

Continuing with the example of carbon, Mendeleev states that atomic weight does
not belong to coal or diamond but to carbon. He thus tied atomic weight to this
abstract concept of element.

By 1860, the theories of Charles Frédéric Gerhardt and Stanislao Cannizzaro as
well as advances in experimental analysis resulted in increasingly more reliable
atomic weights. For this reason, Mendeleev felt confident in basing his classifica-
tion system for the elements upon atomic weight. It was the fundamental property
common to all the elements that Cooke had been looking for and it was the basis for
the unrecognized general law that Odling was sure explained the numerical rela-
tions between the elements.
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Historian Helge Kragh stated that Mendeleev’s periodic law “was about both
elements and simple substances, but in different ways” [48]. The periodic law was
primarily about atomic weight—Mendeleev’s elements—as it was the basis for the
law. The properties of the elements—Mendeleev’s simple substances—showed a
periodic dependence on the atomic weight, which was an important aspect of the
law.

Mendeleev clearly had a philosophical point of view when it came to the ele-
ments. However, unlike previous systems, “the periodic law furnishes facts and
emphasizes that philosophical question which highlights the mysterious nature of
the elements” [49]. The philosophical question was the nature of the elements. For
Mendeleev, the nature of the elements depended on their atomic weight. The
periodic law was based “on the solid and wholesome ground of experimental
research” whereas other supposedly philosophical ideas about the nature of the
elements were “relic[s] of the torments of classical thought,” remnants of an ancient
time when our ancestors concocted hypotheses to explain the universe [2].

The periodic law had, of course, not yet been proved when he first wrote about it
in 1869, but Mendeleev was certain that “new interest will be awakened in the
determination of atomic weights, in the discovery of new simple substances, and in
the detection of new analogies among the elements” [40]. With this statement,
Mendeleev suggested that the periodic system could assist in future research in
ways that he explicated in greater detail in his 1871 paper.

2.5 Predictions and Adjustments

Mendeleev discussed the application of the periodic law to the following areas in
his 1871 paper: the system of the elements, the determination of atomic weights of
insufficiently studied elements, the determination of the properties of presently
unknown elements, the correction of the magnitude of atomic weights, and the
completion of our knowledge of the forms of chemical combinations [41]. In regard
to the periodic system, Mendeleev noted that it held not only “purely pedagogic
importance as a means of learning more easily various facts” but also scientific
importance as it “paves the way for new methods of investigating the elements.”
Most famously, Mendeleev left gaps in his periodic tables that he was confident
would be filled by as-yet-undiscovered elements. He also corrected the weights of
several elements and suggested some others were incorrect. The work of other
chemists would prove that Mendeleev was correct: the periodic system was a useful
tool for research.

2.,5.1 Leaving Gaps and Predicting Characteristics

Mendeleev was far from the first to leave gaps in his table for new elements.
Newlands, in his Law of Octaves, had not, although he admitted that new elements
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would be able to slide into his system. Odling did leave blank spaces in his tables as
he felt new elements would be discovered. Meyer also left gaps that, he later
explained, would be filled by already known elements after their atomic weights
had been more accurately determined or by elements yet unknown. None of them
was as bold as Mendeleev who not only left gaps but predicted the atomic weights
and chemical and physical properties of the elements that would fill those gaps. As
these gaps were filled with newly discovered elements that, more or less, fit
Mendeleev’s predictions, chemists increasingly began to view the periodic system
as a useful tool for both research and pedagogy.'’

2.5.1.1 Gallium
The French chemist Paul-Emile Lecoq de Boisbaudran announced the discovery of
a new element in 1875, which he decided to call gallium in honor of France. After
reading of this discovery, Mendeleev composed a note for the Comptes Rendus in
which he reminded his audience that he had proposed the periodic law in 1869. The
note also included a table which had blank spaces, one of which was for an element
Mendeleev had called eka-aluminum as it should be analogous to aluminum. The
characteristics he had predicted for eka-aluminum were more or less in agreement
with those of the newly discovered gallium. He concluded by stating, “If subse-
quent researches confirm the identity of the properties of gallium with those which I
have pointed out as belonging to eka aluminum, the discovery of this element will
furnish an interesting example of the utility of the periodic law” [50].
Boisbaudran denied that he was aware of Mendeleev’s periodic law or of his
predicted element eka-aluminum. He was skeptical that gallium was eka-aluminum
and of the utility of Mendeleev’s system. He said, “I will even add that this
ignorance may perhaps have been advantageous to me, for I should have experi-
enced serious delays” [51]. M. M. Pattison Muir, the British chemist who translated
Mendeleev’s note on gallium into English, expressed some skepticism himself,
believing that further research was required before accepting that eka-aluminum
was gallium. However, he declared, “Mendelejeff’s hypothesis is at least of much
value as a guide to future research” [52].

2.5.1.2 Scandium

Four years after the discovery of gallium, the Swedish chemist Lars Fredrik Nilson
discovered a new element among minerals found only in Scandinavia. He called
this new element scandium. Nilson was also apparently unaware of Mendeleev’s
predictions; however, Swedish chemist Per Cleve was aware and he explicitly made
the connection in his publication reporting on his research which confirmed the
discovery of scandium. He wrote: “The great interest of scandium is that its exis-
tence has been predicted. Mendeleef, in his memoir on the law of periodicity, had
foreseen the existence of a metal which he named ekabor[on], and whose charac-
teristics agree very fairly with those of scandium” [53].

'%For more on discoveries of Mendeleev’s predicted elements, see Chapter 10 of this volume.
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Mendeleev saw that interest in his periodic system had been strengthened and he
had a French translation of his 1871 paper sent to the journal Le Moniteur Scien-
tifique. It was accompanied by a letter in which he expressed his gratification that
his law was under scrutiny and proving itself through experimentation. These recent
discoveries were but “the first fruits of the periodic law” and he hoped they would
lead to “a new philosophical order, by securing it with pillars strengthened by new
experiments, so as to give greater stability to the edifice already begun” [49].

2.5.1.3 Germanium

The discovery of eka-silicon came 15 years after its prediction. In 1886, Clemens
Winkler announced the discovery of a new element he called germanium. Initially,
he believed it would fit into the periodic system between the elements antimony and
bismuth [54]. Further experiments revealed an atomic weight of 72.32 and many of
the properties of the new element correlated with those Mendeleev had predicted for
eka-silicon [55]. Winkler was not immediately convinced that germanium was
eka-silicon but after discussions with Victor von Richter, Lothar Meyer, and
Mendeleev, Winkler changed his mind. Germanium fit in the periodic system
between gallium, the first of Mendeleev’s predicted elements to be discovered, and
arsenic. This discovery served to further strengthen the acceptance of Mendeleev’s
periodic law.

2.,5.2 Changing Atomic Weights

Mendeleev is renowned for changing the atomic weights of some elements in order
to make them better fit into his periodic system. The most well-known of these
changes are the pair reversals. Pairs of elements, such as tellurium and iodine, were
flipped, giving precedence to their chemical properties rather than to their accepted
atomic weights. Odling, Newlands, and Meyer had also flipped tellurium and
iodine, but Mendeleev flipped more than one set of elements. Mendeleev is also
well-known for doubling the atomic weight of uranium, from the accepted weight
of 120 to 240. Perhaps one of Mendeleev’s lesser known adjustments was to the
atomic weight of beryllium. In a memoir on beryllium, the American chemist
Charles Lathrop Parsons noted that between 1873 and 1885, “a long, earnest and
interesting discussion ... regarding the valency of beryllium and its place in the
periodic system” took place [56]. By the end of this period, many chemists who had
remained skeptical about the utility of the periodic system had changed their
positions.

The assignment of the atomic weight of beryllium was a test of the accuracy of
the periodic system. Chemists believed the atomic weight of beryllium was close to
either 9 or 13.5, but there was no consensus. Mendeleev believed that beryllium, or
glucinum as it was also called, was divalent and had an atomic weight of
approximately 9. Its characteristics made it analogous to magnesium. Odling,
Newlands, and Hinrichs had also assigned the atomic weight of 9 to beryllium in
their systems. However, others believed that beryllium was trivalent with an atomic



24 A. E. Robinson

weight closer to 13.5, making it analogous to aluminum. In an 1880 paper on their
experiments, Swedish chemists Lars Fredrik Nilson and Sven Otto Pettersson
announced that their results showed beryllium to have an atomic weight of 13.65.
“In consequence of what has been indicated here,” they wrote, “the periodic law in
its present condition cannot be said to be quite an adequate expression of our
knowledge of the elements.” However, they expected that “the periodic law may be
so modified and developed that it can embrace and explain every fact stated by
experiment” [57].

The English chemist Thomas Samuel Humpidge, professor of chemistry at the
University College of Wales, surveyed the field of beryllium research in an 1880
paper. He preferred to accept fact over theory, writing, “I am not arguing for the
rejection of the periodic law, but only wish to show that if facts are discovered
which are incompatible with it, it must of necessity receive some modification”
[58]. Humpidge obtained a grant from the Royal Society of £50, which went toward
materials and apparatus, and began his own experiments.

In his 1883 report, Humpidge described his experimental results which resulted
in a specific heat measurement that was “nothing near” what it should be if the
atomic weight of beryllium was 9. “The result is unfortunate for the periodic law,
and is the first serious rebuff which this useful generalisation of facts has received,”
he concluded [59]. Humpidge continued his experiments on the vapor-density of
several compounds of beryllium. The results now showed that beryllium was
divalent with an atomic weight of 9.1. In his second paper, he declared [55]:

The long disputed question of the atomic weight of glucinum is thus definitely and finally
decided in the favour of that number which satisfies the requirements of the periodic law,
and another element is added to the long list of those whose atomic weights have been
corrected by this important generalisation.

Over the course of his research, Humpidge changed his opinion on the utility of the
periodic system. He wrote, “In all future determinations of the atomic weight of an
element, the position which the element should occupy in the periodic arrangement
must receive due importance.”

Regarding the controversy over the atomic weight of beryllium, Mendeleev
stated that the confirmation of the bivalency of beryllium was “as important in the
history of the periodic law as the discovery of scandium.” And, he observed, “It is
most remarkable that the victory of the periodic law was won by the researches of
the very observers who previously had discovered a number of facts in support of
the tri-valency of beryllium” [60].

2.6 The Importance of Periodicity

One important aspect of Mendeleev’s periodic system is the way it is represented
graphically. In other words, the periodic table. To date, probably over 1000 dif-
ferent forms of the periodic table have been drawn [61-63]. Mendeleev himself
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drew more than 60 different tables during his lifetime [64]. Whereas he was bold in
his predictions of new elements and in changing the atomic weights of already
known elements, Mendeleev was, as historian Bernadette Bensaude-Vincent noted,
“more hesitant about the best visualization of the periodic system that he discov-
ered” [65]. He may have been hesitant about what the best form of the periodic
table might be but he definitely had opinions about what the best forms were not.
Mendeleev frequently noted that the important aspect of the periodic law was just
that, periodicity. In The Principles of Chemistry, he wrote, “The elements, if
arranged according to their atomic weights, exhibit an evident periodicity of
properties.” He further emphasized this point in a footnote about the representation
of the periodic law, stating that the law [66]:

above all, depends on there being but few types of chemical compounds, which are
arithmetically simple, repeat themselves, and offer no uninterrupted transitions, and
therefore each period can only contain a definite number of members.

In other words, periods were finite, not continuous, and this fact influenced Men-
deleev’s views on the graphic representation of the periodic law.

2.6.1 Spiral Forms

By far, the most popular forms of the periodic table are spirals and tables. Men-
deleev only drew a handful of spiral forms and only one was these was published,
though it looks more like a table than a spiral (Fig. 2.2) because it omits the
elements that would furnish transitions that would connect the bottom of some
columns to the top of the next ones [40]. It was, perhaps, meant to be a
three-dimensional or screw-shaped spiral rather than a flat, two-dimensional spiral
[67]. In 1870, after reading the works of Mendeleev and Meyer, the Swiss chemist
Heinrich Baumhauer suggested that the periodic law could be represented in the
form of a spiral. By arranging the elements in order of atomic weight, with
hydrogen in the center of the spiral, a clear view of the elements could be obtained,
he said [68]. Mendeleev was dismissive of Baumhauer’s spiral, claiming it was the
spiral table from his paper and that Baumhauer’s arrangement had “little applica-
tion” and was “artificial” [69].

John Russell Smith suggested that Mendeleev’s dismissiveness toward Baum-
hauer’s spiral was due to his “failure in early 1871 to draw up a satisfactory spiral
arrangement of the elements.” Mendeleev also mentioned spiral arrangements
several times, so he was not entirely against them. However, he only found certain
types of spirals to be useful ones. In lectures in 1889-90, he said that the periodic
law “may be represented in the form of a spiral, where each turn will express a
definite period. It may also be represented in the form of a screw-shaped line, where
each turn of the screw will represent a period” [70]. And that was, of course, the
important aspect—the periods were definite.
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Fig. 2.2 The spiral table from Mendeleev’s 1869 paper. Reproduced from Mendeleev (1869) [40]

Mendeleev did not look upon other curved forms as favorably. Of Lothar
Meyer’s popular atomic volume curve, Mendeleev commented [71, 72]'":

This method, although graphic, has the theoretical disadvantage that it does not in any way
indicate the existence of a limited number of elements in each period. ... The actual
periodic law does not correspond with a continuous change of properties, with a continuous
variation of atomic weight.

Forms that did not represent the periods—curves, spirals, two-dimensional, or
three-dimensional—were not, in Mendeleev’s view, true graphic representations of
the periodic law.

2.6.2 Tabular Forms

Tabular forms, that is forms with columns and rows, had an advantage in that the
periods were easily shown. Aside from a handful of attempts at spirals, all of the
periodic tables that Mendeleev drew were tabular. He drew tables in which the
periods were represented in vertical columns and the groups in horizontal rows, and
vice versa. The famous first attempt of 1869 is an example of a table with vertical
periods while the table from his 1871 paper has horizontal periods.

Mendeleev also drew short-form or long-form tables. In short-form tables, the
periods double back (as in the 1871 table) whereas in long-form tables, the periods
extend across the table (as in most of the periodic tables you will find in a textbook
or on a wall chart today). Until the 1920s, the short-form was the most popular type
of periodic table. That began to change with the more complete understanding of
the structure of the atom and the change to arranging the periodic table by atomic

""Mendeleev had noticed periodicity in atomic volume; see Girolami and Mainz [72].
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Fig. 2.3 The long-form table from Mendeleev’s 1880 paper on the history of the periodic law.
Reproduced from Mendelejeff (1880) [76]

number rather than atomic weight. By the 1950s, the long-form table had overtaken
the short-form in textbooks [73], though short-form tables remained in some
classrooms at least into the 1970s.

Mendeleev’s opinion regarding which form—short or long—was the best way to
represent the periodic system changed. According to Smith, Mendeleev initially
preferred the long-form arrangement but after 1869 began to favor the short-form.
However, after a decade, Mendeleev again showed a preference for long-form
tables [74]. In a short history of the periodic law written in 1880, Mendeleev
included a long-form table. This sort of table, he wrote, was the tabular arrangement
that he considered “to be the best and most complete expression of the harmony of
the elements or of the periodic law (and the most convenient with respect to
typography)” (Fig. 2.3) [75]. However, Mendeleev did not abandon the short-form
and continued to draw updated versions, such as the one in the 7th edition of the
Principles of Chemistry that incorporated the newly discovered noble gases
(Fig. 2.4) [76].

Short-form and long-form tables had different advantages. Mendeleev believed
that the advantage of the long-form table lay in its ability to better show the
periodicity of physical properties, such as atomic volume, and to better show
analogies between elements. Short-forms, on the other hand, better illustrated the
valency of the elements and brought together sub-groups on the basis of the sim-
ilarity of their compounds. But, as Bensaude-Vincent put it, “Mendeleev never
considered one single representation because none of them was totally satisfying”
[66]. The only form Mendeleev showed a definite preference for was the tabular
form as it showcased the essence of the periodic law—periodicity.
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Fig. 2.4 The short-form table from the 7th edition of Mendeleev’s Principles of Chemistry.
Reproduced from Mendeléeff (1905) [76]
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2.7 Conclusion

The periodic law, as formulated by Mendeleev, was: “The properties of the ele-
ments (and of the simple and compound substances which they form) show a
periodic dependence on their atomic weights.” As seen, periodicity was an
important aspect and it influenced Mendeleev’s opinions on the best ways to rep-
resent the law graphically. Tabular forms were best to illustrate the periods, whereas
most spiral forms did not show definite periods. Another important aspect of
Mendeleev’s periodic system was its use in changing atomic weights of already
known elements and in predicting the characteristics of yet-to-be discovered ones.
The changes and predictions showcased the utility of the periodic law. And
Mendeleev’s philosophical conception of chemical elements assisted in the devel-
opment of the periodic law by allowing him to consider atomic weight as the
essential part of the element upon which the law rested.

Just as Ladenburg had told his audience about natural laws, the periodic law did
not suddenly spring out of the mind of Mendeleev. He was assisted by “the stock of
generalisations and established facts™ that had accumulated over decades as che-
mists sought different ways of determining relationships between the elements,
determining atomic weights, and organizing and classifying the elements. These
established facts combined with Mendeleev’s own understanding of the elements to
develop an organizational scheme that encompassed all of the elements, that was
flexible enough to survive changes in chemical and physical knowledge, and was
useful in both research and pedagogy.
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Abstract

Both Ddobereiner’s original atomic weight triads and the recent atomic number
triads are critically evaluated and found to be neither necessary nor sufficient to
determine the degree of relatedness among the chemical elements. Mendeleev’s
revision of the triad concept to include both vertical and horizontal triads and to
interpolate various properties rather than to determine chemical relatedness is
also reviewed.

“They do seem to be all over.”
The Trouble with Tribbles
Star Trek 1967

3.1 Origins
As many readers of this symposium volume are aware, the concept of triads—or the

concept that, for a consecutive sequence of three chemically analogous elements,’
the average of the atomic weights of the heaviest and lightest members of the

"By chemically analogous we mean elements that we today would place in the same group of the
periodic table by virtue of having identical valence electron counts and analogous electron
configurations. This excludes the transition element triplets created by Mendeleev in order to force
all elements into just eight groups.
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sequence is approximately equal to that of the intermediate element—was first
introduced by the German chemist, Johann Wolfgang Débereiner (Fig. 3.1), in a
paper published in 1829 [1], though he claimed to have mentioned the idea several
years earlier in his chemical lectures.” To the modern chemist, this paper is a mess
in that it contains inconsistent data, inconsistent symbolism, and a failure to
explicitly state its underlying assumptions.

Dobereiner first illustrated his approach by applying it to four triads involving
elements that were already widely recognized by chemists and textbooks of the time
as being chemically analogous. These are shown in a slightly reformatted form in
Table 3.1 and served as his learning set or test cases. However, as can be seen, for
the nonmetallic elements he used their atomic weights as measured on an H = 1.00
scale, whereas for the metals he used the equivalent weights of their oxides as
measured on an O = 100 scale. In addition, the formulas for the oxides of the
alkaline metals are now known to be incorrect and he is under the illusion that in
1829 it was mathematically meaningful to report his atomic and equivalent weights
to the nearest thousandth.

Next Dobereiner reversed his tactics and used the observed formation of triads as
an argument for the classification of hitherto unclassified metals into chemically
analogous groups, again using the equivalent weights of their oxides as measured
on an O = 100 scale (Table 3.2). As may be seen, in light of our current knowledge
of the periodic table—which was, of course, unavailable to Dobereiner—all of
these proposed groupings are incorrect.

These results lead us to formulate two pertinent questions:

1. Do elements known to be chemically analogous via other criteria automatically
form triads?

2. Can the formation of triads be used to predict which elements are chemically
analogous?

Based on Ddbereiner’s results, we can tentatively answer the first of these questions
in the affirmative, though, as we will see later, this answer must be modified.
Likewise, we can answer the second question in the negative. Indeed, I would like
to dub this second, incorrect, proposition as “Ddbereiner’s fallacy.”

As is well known to historians of the periodic table, both triads and Dobereiner’s
fallacy were widely used prior to the 1860s by chemists interested in the classification
of the chemical elements, often with less than satisfactory results. Lest you doubt this,
let me cite an 1857 paper by the German chemist, Ernst Lenssen [2], that is in many
ways the culmination of the triad fad. In this paper, Lenssen attempted to classify the
58 elements known at the time into 20 triads (Table 3.3). Those triads considered
correct by today’s standards are in italics and all but one of these are identical to those
given by Ddbereiner 28 years earlier. The remaining triads do not involve elements
that we today would consider chemically analogous. This is a 75% error rate!

2See Gisela Boeck’s article, Chapter 8 in this volume, which cites an 1816 letter from Ddbereiner
to Goethe in which he describes triads.
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Fig. 3.1 Johann Wolfgang
Dobereiner (1780-1849)
(Courtesy of the Oesper
Collections in the History of
Chemistry, University of
Cincinnati)
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Table 3.1 Dobereiner’s Learning Set (Reformatted)

CI-Br-I: (AWq + AWD/2 = (35.470 + 126.470)/2 = 80.470 = AWg,
S-Se-Te: (AW + AWo)/2 = (32.239 +129.243)/2 = 80.741 = AW,

Ca0-SrO-BaO: (EWcao + EWga0)/2 = (356.019 + 956.880)/2 = 656.449 = EWs,o
LiO-NaO-KO: (EWpLio + EWgoy/2 = (195310 + 589.916)/2 = 392,613 = EWy,o

Table 3.2 Ddébereiner’s Predictions (Reformatted)

Fe,0;-Cr,05- (EWre03 + EWana03)/2 = (979.426 + 1011.574)/
Mn,05: 2 =995.000 = EWcp03

FeO-MnO-CoO: (EWgeo + EWeoo)/2 = (439.213 + 468.911)/2 = 452.102 = EWpno
NiO-CuO-ZnO: (EWnio + EWzao)/2 = (469.675 + 503.226)/2 = 486.450 = EWcuo
PtO-Ir0-0s0: (EWpio + EWoeo)2 = (1233.260 + 1244.210)/

2 = 1238.735 = EWio
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Ta.ble 3.3 Lenssen’s 20 I Li—Na-K XI C-N-O

Triads 11 Ca-Sr-Ba XII B-E-Si
m Mg-Zn-Cd XIII Cl-Br-I
v Mn—Fe-Co XIV S-Se-Te
v La-Ce-Nb XV P-As-Sh
VI Y-Tb—Er XVI Ti-Sn-Ta
VIl Al-No-Th XVII V-Mo-W
VI Be-Zr-U XVIII Ru-Rh-Pd
X Cr-Ni-Cu XIX Os—Ir-Pt
X Ag-2-Pb XX Bi-%-Au

3.2 The Modern Revival of Triads

One would have thought that these abysmal results would have been sufficient to
consign the triad concept to the dustbin of history, but, rather remarkably, in recent
years it has once more been revived by two well-known authors on the periodic
table [3—6]. However, these newer triads involve atomic numbers rather than atomic
weights. As may be seen by applying this revised concept to the four triads in
Dobereiner’s learning set, these new atomic number triads work perfectly:

CI-Brl: (Zey + Z)/2 = (17 + 53)/2 = 35 = Zg,
S-Se-Te: (Zs + Zr)2 = (16 + 52)/2 = 34 = Zs,.
Ca-Sr-Ba: (Zea + Zsa)2 = (20 + 56)/2 = 38 = Zs,
Li-Na-K: (Z; + Z)2 = 3 + 19)2 = 11 = Zn,

This is hardly surprising given the extremely high correlation coefficient between
atomic numbers and atomic weights (Fig. 3.2)—a correlation that allowed Men-
deleev, in the absence of the former, to discover the periodic law using the latter.
This newer version also has the advantage of using only whole numbers, rather than
numbers with messy fractions, and of giving exact rather than approximate
agreement between the predicted and actual values.

However, these newer triads also allow us to discover that chemically analogous
elements do not always form triads. Thus, for consecutive group 3 elements, the
average of the atomic numbers of Ga and TI gives a value of 56 for In rather than its
actual value of 49:

Ga-In-Tl: (Za, + Zn)/2 = (31 + 81)/2 = 56 # 49 = Z;,

Likewise, for consecutive noble gases, the average of the atomic numbers of Kr and
Rn gives a value of 61 for Xe rather than the actual value of 54:
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Fig. 3.2 The correlation between atomic weights and atomic numbers

Kr-Xe-Rn: (Zi, + Zrn)/2 = (36 + 86)/2 = 61 # 54 = Zy,

What is going on here may be understood using a simple mathematical proof in
which we predict the atomic number of an element A by averaging the atomic
number of an element y units greater than that of A and the atomic number of an
element x units less than that of A:

Zan=[Za+ )+ (Zp—2)]2=[2Z5+y—x]2

Obviously the right side of this equation is equal to Z, if and only if x = y. In other
words, to form an atomic number triad the two elements being averaged must be
equally spaced on the atomic number scale above and below the element in the
center of the triad.

This explains our earlier exceptions, since the full periodic table—due to the
insertion of the d- and f-blocks—is not a rectangle but rather a triangle (Fig. 3.3)
and therefore not all elements within a given group are necessarily equally or even
approximately spaced with respect to their atomic numbers and atomic weights.

Indeed we can go further, since our proof shows that there are no restrictions on
how far the elements must be spaced that are being averaged as long as the spacing
for the largest and smallest about the center element are equal. This means that there
are literally hundreds of potential atomic number triads within the periodic table.
Thus we can form a triad between Al, As, and [—three elements that are equally
spaced by 20 units but are neither in the same group nor the same row of the
periodic table:
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Fig. 3.3 A step-pyramid periodic table illustrating unequal row lengths (Courtesy of the Oesper
Collections in the History of Chemistry, University of Cincinnati)

ALAST: (Zag + Z)/2 = (13 + 53)/2 = 33 = Z,4,

or a triad involving a transition element, a group 3 main-block element, and a noble
gas that are equally spaced by 5 units:

Fe-Ga-Kr: (Zg. + Zx)/2 = (26 + 36)/2 = 31 = Zg,

But, advocates of the new triads will object that this as an abuse, since triads are
intended to be formed only between chemically analogous elements. However, if
you are restricting their use to chemically analogous elements in order to predict
which elements are chemically analogous, then this is a circular argument, since
you are assuming the very thing you are trying to prove.

So, in summary—while remembering that what is true of atomic number triads is
also approximately true of atomic weight triads—the answers to the two questions
posed in the previous section are:

1. Chemically analogous elements do not automatically form triads.
2. Triad formation is neither necessary nor sufficient to establish chemical
relatedness.
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3.3 Mendeleev and Triads

To return once more to the history of chemistry, we now ask the question “Did
Mendeleev use triads to make his famous predictions of the properties of eka-boron
or scandium, eka-aluminum or gallium, and eka-silicon or germanium?” To the best
of my knowledge, Mendeleev never used the term triad in his various writings on
the periodic law, nor did he ever explicitly explain how he made his famous
predictions. However, in his comprehensive review of 1871 [7] ° he indirectly
implied that he made them by averaging the values for both an element’s vertical
and horizontal nearest neighbors, a procedure that he illustrated using the nearest
neighbors (S, Te, As and Br) of Se:

AWs. = (AWs + AW + AWa, + AWR)/4 = (32 + 125 + 75 + 80)/4 = 78

This gives an average value of 78, and is the value reported by Mendeleev, who at
the time rounded most of his atomic weights to the nearest whole number or, at
best, to the nearest tenth. Mendeleev viewed this averaging procedure as one of
interpolation, which is what triad formation really is, mathematically speaking, and
not as a procedure for predicting chemical relatedness. In other words, he intro-
duced a new use for the triad concept, both by expanding it to include horizontal as
well as vertical triads and by rejecting Dobereiner’s fallacy.

When this procedure is applied to the case of Sc there is no lighter vertical
nearest neighbor, since Sc is the first member of its group and the atomic weight of
Y, its heavier vertical nearest neighbor, was questionable at the time. This leaves us
with its two horizontal nearest neighbors, Ca and Ti:

AWs. = (AWe, + AW)/2 = (40 + 48)2 = 44

which gives an average value of 44 for eka-boron, as reported by Mendeleev in
1871.

In the case of Ga there were only three nearest neighbors known at the time, Al,
In and Zn, since the space for Ge was blank:

AW, = (AWa, + AWy, + AW,)/3 = (27.3 + 113 + 65)/3 = 68.4

This gives an average value of 68.4 for eka-aluminum as compared with the value
of 68 reported by Mendeleev when rounded to the nearest whole number.

In the case of Ge we once again have only three nearest neighbors, Si, Sn, and
As, since the space for Ga was blank at the time:

*Mendeleev dated his review as August of 1871, though it appeared in an 1871-72 supplement
volume of Liebig’s journal. Historians are divided over which date to cite. The atomic weights
predicted in 1871 differ from those predicted in 1869.
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AWg. = (AWg; + AWg, + AWL)/3 = (28 + 118 + 75)/3 = 73.7

This gives an average value of 74 for eka-silicon when rounded to the nearest whole
number and does not agree with the value of 72 reported by Mendeleev. However,
if we also include the value predicted above for Ga:

AWge = (AWg; + AWg, + AWy + AWG)/4 = (28 + 118 + 75 + 68)/
4 =723

we get the value reported by Mendeleev when it is rounded to the nearest whole
number.

3.4 Other Applications

There are several other important topics related to triads, including their use in
predicting properties other than atomic weights, and their use in extrapolating rather
than interpolating properties. Unfortunately, limitations of both time and space
preclude coverage of these topics in this chapter, though I hope to have the
opportunity to deal with them in a future paper.
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Abstract

The natural philosophy of chemistry grew slowly until the articulation of the
axiom of chemical atoms by John Dalton in the early nineteenth century. Sir
John F. W. Herschel was one of the leading natural philosophers of the
nineteenth century and published his own monograph, in which he listed the ten
key axioms of chemistry. Later in that decade, he gave the President’s address
for the Chemistry Section at the 1858 British Association for the Advancement
of Science meeting. He identified significant progress in understanding the
relationships between the known chemical elements by Josiah Parsons Cooke of
Harvard. Examination of the long paper by Cooke published in the Memoirs of
the American Academy of Arts and Sciences in 1855 gives his natural groupings
of the known chemical elements. Further progress contained in Cooke’s 1868
textbook, First Principles of Chemical Philosophy, documents just how
important his work was in the development of the periodic table, soon to be
published by Mendeleev. I. Bernhard Cohen lauded Cooke as the first really
significant academic chemist in America.

4.1 Introduction

The science we know as Chemistry is composed of many parts. An empirical base
of technological knowledge existed in antiquity, and by the sixteenth century,
chemistry was being taught in medical schools by physicians such as Oswald Croll
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(1580-1609) [1] and Andreas Libavius (1550-1616) [2]. A philosophical founda-
tion for chemistry was attempted by alchemists such as Paracelsus (1493—-1541) [3],
but this paradigm was not a way forward. The seventeenth century saw great
progress in the overall field of Natural Philosophy. The empirical data of astronomy
was reduced to a coherent system by Copernicus, Kepler and Newton. While such
an elegant mathematization of the data is not necessary for a science to achieve a
coherent natural philosophy, some axioms must be created that are empirically
verified and will serve as the foundation for further experimentation and articula-
tion. For chemistry, this level of scientific sophistication needed to wait until the
nineteenth century. 2019 was the UNESCO International Year of the Periodic
Table, and celebrated the formulation of a coherent arrangement of the known
chemical elements in 1869.

The central underlying concept that leads to the Periodic table is the existence of
a class of substances called elements. Robert Boyle (1627-1691) is credited with
early cogent thoughts on this subject [4—6]. Chemistry could be based on many
different coherent sets of fundamental substances, and in the seventeenth century
many common chemicals were viewed in this light, even though we now consider
them to be compounds.

The eighteenth century was dominated by the coherent version of chemistry
created by Herman Boerhaave (1668-1738) [7]. (Boerhaave was a Professor of
Medicine, Botany, and Chemistry at the University of Leyden. His Latin lectures on
chemistry were published and used for more than 100 years.) Chemistry started
with the substances found in Nature, and continued through the use of chemical
forms of transformation, especially the furnace. Classes of reactions were devel-
oped, and a form of systematic chemistry was created. But, in the absence of a truly
microscopic perspective, the task was too hard. Attempts to articulate the Newto-
nian paradigm of particles interacting through complicated potentials were carried
out by geniuses such as Roger Boscovich (1711-1787) [8], but such an opaque
theory was not the way forward. (Boscovich was a Jesuit priest and mathematician
from Ragusa (now Dubrovnik, Croatia) who revolutionized natural philosophy
throughout Europe [9].)

The number of substances that were viewed as elements increased throughout
the eighteenth century. A good compilation of elements can be found in the book by
Antoine Lavoisier (1734-1794) published in 1789 [10]. A constructed Table based
on this book is presented in The Chemical Tree by William Brock [11] (see
Fig. 4.1). While the number of substances was increasing, the elementary clarity
was primitive.

From a pedagogical perspective, the nineteenth century was dominated by the
synoptic view of chemistry instantiated in The Elements of Experimental Chemistry
by William Henry (1774-1836) [12]. Following the concepts created by John
Dalton (1766-1844) [13], Humphry Davy (1778-1829) [14] and William Wollaston
(1766-1828) [15], Henry compiled a list of atomic elements and compounds. There
were 48 known substances in this list. Henry also noted that there were a few
groups of elements that had similar chemistries. Oxygen, nitrogen, hydrogen, and
chlorine were observed at room temperature as gases. (Fluorine had not yet been
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TABLE 3.2 Lavoisier’s ‘elements’ or ‘simple substances’.

Light Sulphur Antimony  Mercury Lime
Caloric Phosphorus Arsenic Molybdena Magnesia
Oxygen  Charcoal Bismuth Nickel Barytes
Azote Muriatic radical Cobalt Platina Argilla
Hydrogen Fluoric radical Copper Silver (alumina)
Boracic radical Gold Tin Silex
Iron Tungsten  (silica)
Lead Zinc
Manganese

Fig. 4.1 Table of simple substances compiled from Lavoisier (1789) [10] (Reproduced from The
Chemical Tree [11] by permission)

isolated as a gas.) Sodium and potassium were obviously related as the bases of
alkaline salts with chlorine as the corresponding element. Barium, strontium, cal-
cium, magnesium, silicon, aluminum, zirconium, glucinum (beryllium), and yttrium
were observed as the bases of alkaline earths. The earths were all oxides. Carbon,
boron, sulfur, nitrogen, and phosphorus were all the bases of oxygen acids.
Chlorine, fluorine, and iodine were the bases of hydrogen acids. And, of course,
there were many metals. Even long after the formulation of the periodic table,
elementary descriptive chemistry was predominantly a repetition of Henry. The
story of the development of the rational chemistry of the elements is told by Alan
Rocke in Chemical Atomism in the Nineteenth Century: From Dalton to Canniz-
zaro [16].

One of the most important precursors of the atomic theory was developed by
Benjamin Richter (1762—-1807) of Prussia. He considered the combinations of many
compounds, especially salts, acids, and bases, and concluded that fixed weights of
each substance combined with different fixed weights of other members of these
classes. He formulated the theory of stoichiometry in essentially the form in which
it exists today. But, he did not yet know about atoms. He expressed his specific
weights in terms of equivalents for each substance.

The importance of the work of John Dalton is that he articulated an axiom of
chemistry that forms the basis for all further work: All matter is composed of
chemical atoms, and there is a unique such particle associated with each element.
While Dalton’s understanding of these fictive objects was imperfect, and some of
the basic chemistry of compounds was incorrect, this paradigm inspired the right
kind of experimental program, since it turned out to be essentially correct. Further
articulations occurred as new experiments were carried out and many surprises were
yet to appear, but chemistry now had a way forward.

The story of the chemistry being pursued in Great Britain during the first third of
the nineteenth century is well told by Thomas Thomson (1773-1852, FRS), the
Regius Professor of Chemistry in the University of Glasgow [17]. In addition, he
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was a superb laboratory chemist who made many contributions to the field of
experimental chemistry. He was memorialized in an Alembic Club reprint of the
key papers by himself, Dalton and Wollaston concerning the Foundations of the
Atomic Theory [18]. In his monumental History of Chemistry (1835), he introduces
the subject [17]:

Like all other great improvements in science, the atomic theory developed itself by degrees,
and several of the older chemists ascertained facts which might, had they been aware of
their importance, have led them to conclusions similar to those of the moderns.

Thomson traveled around Great Britain in his attempt to improve his under-
standing of chemistry. In 1804 he spent time with Dalton in Manchester. During
their extensive discussions, Dalton revealed his thoughts about the microscopic
basis of the properties of chemicals. Dalton opined that “The ultimate particles of
all simple bodies are atoms incapable of further division. These atoms (at least as
viewed along with their atmospheres of heat) are all spheres, and are each of them
possessed of particular weights, which shall be denoted by numbers” [17]. The
paradigm that all elements are defined by actual physical objects with a definite
mass remains the basis of microscopic chemistry today. Many articulations have
occurred, and many surprises have been observed, but the fundamental idea led to a
series of fruitful experiments that continue today.

Thomson was a prolific author and actually introduced Dalton’s system to the
public before its originator, with full credit being given [19]. One of the best stories
in all the history of chemistry involves Thomson, Davy, Wollaston, and Davies
Gilbert (1767-1839) (the President of the Royal Society). Thomson scripts it this
way:

In the autumn of 1807 I had a long conversation with him [Davy] at the Royal Institution,
but could not convince him that there was any truth in the hypothesis [Dalton’s chemical
atoms]. A few days after, I dined with him at the Royal Society Club, at the Crown and
Anchor, in the Strand. Dr. Wollaston was present at the dinner. After dinner every member
of the club left the tavern, except Dr. Wollaston, Mr. Davy, and myself, who staid behind
and had tea. We sat about an hour and a half together, and our whole conversation was
about the atomic theory. Dr. Wollaston was a convert as well as myself; and we tried to
convince Davy of the inaccuracy of his opinions; but, so far from being convinced, he went
away, if possible, more prejudiced against it than ever. Soon, after, Davy met Mr. Davis
[sic] Gilbert, the late distinguished president of the Royal Society; and he [Davy] amused
him with a caricature description of the atomic theory, which he exhibited in so ridiculous a
light, that Mr. Gilbert was astonished how any man of sense or science could be taken in
with such a tissue of absurdities. Mr. Gilbert called on Dr. Wollaston (probably to discover
what could have induced a man of Dr. Wollaston’s sagacity and caution to adopt such
opinions), and was not sparing in laying the absurdities of the theory, such as they had been
represented to him by Davy, in the broadest point of view. Dr. Wollaston begged Mr.
Gilbert to sit down, and listen to a few facts which he would state to him. He then went over
all the principal facts at that time known respecting the salts; mentioned the alkaline
carbonates and bicarbonates, the oxalate, binoxalate, and quadroxalate of potash, carbonic
oxide and carbonic acid, olefiant gas, and carburetted hydrogen; and doubtless many other
similar compounds, in which the proportion of one of the constituents increases in a regular
ratio. Mr. Gilbert went away a convert to the truth of the atomic theory; and he had the
merit of convincing Davy that his former opinions on the subject were wrong.
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This is science at its best! Four of the leading scientists of the nineteenth century
carrying out vigorous arguments based on real facts and sound arguments. The state of
the atomic theory in 1807 was still very tenuous, and many aspects of experimental
chemistry were in a bad way, but as better data was obtained and clearer arguments
were formulated, the atomic theory continued to look better and better. Progressive
paradigms can incorporate new data and point the way to better arguments.

When Dalton published his own New System of Chemical Philosophy in 1808, he
included a Table of atoms and their proposed atomic weights [20] (see Fig. 4.2 for a
reproduction of this Table). One of the first things to notice is the uniformly integral
values for the atomic weights. Most of the values are different from modern atomic
weights because little knowledge of the true atomic formulae for the compounds on
which the atomic weights were based had been gleaned. The whole theory could
have been discarded at this point with no tears shed. But, a few disciples continued to
collect better data, and new ideas about gases and solids helped to clarify the actual
compositions of many substances. Progress in measuring atomic weights occurred
when Michael Faraday and Davy started electrodepositing metals, such as sodium
and potassium. Faraday’s Law allowed measured deposition currents to be related in
a one-to-one basis with the number of atoms deposited. (The Faraday constant is
equal to Avogadro’s number times the charge on an electron: 96500 C/mol.) Pro-
gress was also obtained by considering the crystalline salts of these metals. The
concept of stoichiometry, presented first in a coherent form by Richter, allowed the
anionic partner atomic weight to be determined from the density of the salt and
knowledge of its composition. Similar crystal forms helped to identify other salts
with identical atomic crystal structure. While the theory of macroscopic crystal-
lography was derived on the basis of purely mathematical concepts, the atomic
theory of Dalton allowed a microscopic realization of these symmetries in terms of
actual arrangements of atoms. The consilience of both mathematical and physical
arrangements helped chemistry to “come of age.”

Fig. 4.2 Dalton’s initial ;
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4.2 The Natural Philosophy of Sir John F. W. Herschel

By the 1830s, lists of elements were lengthening, with the help of chemists such as
Baron Jons Jacob Berzelius (1779-1848) of Sweden [21]. Some atomic weights
were being determined with values within experimental error of current values. One
of Thomson’s best students was Thomas Graham (1805-1869) at University Col-
lege London. In his Elements of Chemistry (1850), he summarized all the data
obtained by that date on the elements and their atomic weights [22]. Even so, the
total number had only grown to 59. Atomic weights were now reported to four
significant digits, but were still often wrong by multiples or divisors of 2 or 3.
While better gravimetric data were obtained, there was still uncertainty about the
actual empirical formula for many salts and molecules. Some of the best atomic
weights include: chlorine (35.50), fluorine (18.70), iodine (126.36), potassium
(39.00), silver (108.00), and sodium (22.97). This was the state of chemistry at the
time that Sir John F. W. Herschel (1792-1871) published the new edition of his
Preliminary Discourse on the Study of Natural Philosophy (1851) [23] (see
Fig. 4.3).

Chapter IV of Part III in the Discourse is entitled “Of the Examination of the
Material Constituents of the World.” Herschel was a master geologist and one of the
Fellows of the Geological Society of London. The study of minerals was very
important in the history of nineteenth-century chemistry. The sheer number of

Fig. 4.3 Title page of
Herschel’s Preliminary
Discourse on the Study of
Natural Philosophy (1851)
(scanned from personal copy)
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crystalline minerals provides excellent grist for the empirical mill of the natural
philosopher. Crystals had definite shapes characterized by precise three-dimensional
geometries. When the macroscopic theory of the Abbé Haily (1743-1822) was
joined with the atomic theory of Dalton, these shapes could inspire insight into
specific arrangements of atoms in the crystals. (Hally was a French priest, mathe-
matician, and mineralogist who formulated the theory of crystallography.)

Herschel also reflected on the properties of liquid mixtures of substances. He
observed that two homogeneous solutions can produce a heterogeneous mixture
when combined, even though no visible structure exists in the initial solutions. This
implies that the size of fundamental chemical structures is very small (atomic even).
The fact that the mixture produces a new substance that was not present in the
original solutions is evidence of chemical forces between the elementary chemical
particles in solution. (This subject was extensively studied by Graham.)

Herschel admired nineteenth-century chemistry because it focused largely on
experimentally observable phenomena that could be explained in terms of other
known generalizations from experience. But, he yearned for the day when chemists
could predict phenomena not yet observed using precise concepts: the axioms of
chemistry. He enumerated the known axioms in 1851 as:

1. The discovery of the proximate, if not the ultimate, elements of all bodies, and
the enlargement of the list of known elements to its present extent of between
50 and 60 substances.

2. The development of the doctrine of latent heat by Black, with its train of
important consequences, including the scientific theory of the steam-engine.

3. The establishment of Wenzel’s law of definite proportions on his own exper-
iments, and those of Richter, a discovery subsequently merged in the more
general wording and better development of Dalton’s atomic theory.

4. The precise determination of the atomic weights of the different chemical
elements, mainly due to the astonishing industry of Berzelius, and his unri-
valled command of chemical resources, as well as to the researches of the other
chemists of the Swedish and German school.

5. The assimilation of gases and vapours, by which we are led to regard the
former, universally, as particular cases of the latter, a generalization resulting
from the experiments of Faraday on the condensation of the gases, and of those
of Gay-Lussac and Dalton, on the laws of their expansion by heat compared
with that of vapours.

6. The establishment of the laws of the combination of gases and vapours by
definite volumes, by Gay-Lussac.

7. The discovery of the chemical effects of electricity, and the decomposing
agency of the Voltaic pile, by Nicholson and Carlisle; the investigation of the
laws of such decomposition, by Berzelius and Hisinger: the decomposition of
the alkalies by Davy, and the consequent introduction into chemistry of new
and powerful agents in their metallic bases.
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8. The application of chemical analysis to all the objects of organized and unor-
ganized nature, and the discovery of the ultimate constituents of all, and the
proximate ones of organic matter, and the recognisance of the important dis-
tinctions which appear to divide these great classes of bodies from each other.

9. The application of chemistry to innumerable processes in the arts, and among
other useful purposes to the discovery of the essential medical principles in
vegetables, and to important medicaments in the mineral kingdom.

10. The establishment of the intimate connection between chemical composition
and crystalline form, by Haily and Vauquelin, with the successive rectifications
the statement of that connection has undergone in the hands of Mitscherlich,
Rose, and others, with the progress of chemical and crystallographic
knowledge.

While many natural philosophers were still reticent to embrace the concept of
distinct chemical atoms in 1851, and remained so until 1911, Herschel warmly
endorsed this notion. He remained open to the discovery of yet deeper facts of
atomic structure, but reminded his readers that the paradigm of the chemical atom
made sense out of all known compounds and chemical reactions. He considered the
chemical atomic doctrine to rank with the laws of Newtonian mechanics in terms of
their importance to natural philosophy.

Herschel understood how difficult it was to measure the atomic weights accu-
rately, and in 1851 many of the reported values were in serious error, but he knew
how important it would be to obtain a truly reliable set. Early values of atomic
weights were all given as integers, as expected by William Prout (1785-1850) and
Thomson, but the better values from Graham reported above prove that the actual
values are not pure integers. Exactly why the atomic weight of chlorine is 35.5 was
not yet known, but it was not an integral value.

Herschel envisioned the day when all the chemical atoms could be compre-
hended in terms of a precise mathematical expression. The Law of Moseley that
relates the frequency of the principal X-rays emitted by atoms to their atomic
number is the realization of this dream. But, in his own time, he continued to follow
developments in chemistry with great interest. He was chosen as President of the
Chemistry Section of the British Association for the Advancement of Science
(BAAS) in 1858. In his address as President, Herschel pointed forward to the time
“when, from a knowledge of the family to which a chemical element belongs, and
its order in that family, we may be able to predict with confidence the system of
groups into which it is capable of entering, and the part it will play in the com-
bination” [24].

In fact he believed that Josiah Parsons Cooke (1827-1894) of Harvard
University had made major progress in this area and had published it in 1855 in the
Memoirs of the American Academy of Arts and Sciences [25]. Cooke identified
families of elements that shared common properties. The first group consisted of
oxygen, fluorine, chlorine, bromine, and iodine. Such a group was identified by
Thomson in his History. The second group included nitrogen, phosphorus, arsenic,
antimony, and bismuth. The third group encompassed hydrogen, lithium, sodium,
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and potassium. The fourth group listed calcium, strontium, barium, and lead.
Herschel implored his expert audience to cogently discuss what Cooke had found.
In addition, he speculated that the newly emerging science of optical spectroscopy
would be very helpful in unraveling the mysteries of the atom. Yes, Sir John
Herschel, FRS, was instrumental in founding the field of chemical spectroscopy.

4.3 Josiah Parsons Cooke and the Relationships Between
the Elements

With the pointer from Sir John Herschel, it is time to examine in detail the paper by
Cooke [25]. Josiah Parsons Cooke was the Erving Professor of Chemistry at
Harvard University. This professorship was established in 1791, but Aaron Dexter
had been teaching a regular course in Chemistry since 1783 [26]. Cooke graduated
from Harvard in 1848 and was appointed to the Erving Chair in 1850. Rather than
start teaching a subject in which he was unprepared, he traveled to Europe and
attended lectures by Jean-Baptiste Dumas (1800—1884) and Henri Victor Regnault
(1810-1878). Upon his return in 1851, he was made M.A. and introduced both
lecture and laboratory instruction in Chemistry and Materia Medica. He also helped
raise the money to build Boylston Hall, which would later be devoted entirely to
chemistry. He was elected to the National Academy of Sciences in 1872 [27].
Cooke went on to carry out many measurements of atomic weight, and one of his
greatest students, Theodore Richards (1868—1928), went on to win the 1914 Nobel
Prize in Chemistry for his work on atomic weights.

Cooke starts off by acknowledging his debt to M. Dumas of Paris. He cites the
paper presented by Dumas at the 1851 meeting of the British Association for the
Advancement of Science that discusses the “numerical relations between the atomic
weights of the chemical elements.” Dumas reminded the BAAS worthies of the
triads of Johann Dd&bereiner (1780-1849). (Dobereiner noticed that for several
groups of elements ({Cl, Br, 1}, {Li, Na, K}, {Ca, Sr, Ba} and {S, Se, Te}), the
atomic weight of the middle-most member was the arithmetic average of the first
and last element [28].) But, Cooke concluded that a focus on triads was not the best
way forward. He proposed to construct groups of elements that had similar che-
mistries, and then examine the relations between their atomic weights. His proposed
numerical relations are more a part of the history of chemistry than a contribution to
natural philosophy; they did not produce new insights and were not a way forward.
The Karlsruhe conference in 1860 helped the scientific community to see the need
to adopt an experimental technique that could yield reliable particle weights; the
ideal gas law and Avogadro’s Law allowed gas densities to be converted to particle
weights [16]. The leading natural philosopher at the Karlsruhe Conference was
Stanislao Cannizzaro (1826-1910).

Cooke’s natural motivation for this work was his desire to present a coherent
version of chemistry to his students at Harvard. Most extant chemistry texts pre-
sented a qualitative survey of the elements and their compounds in an arbitrary
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order. For example, a chapter on oxygen, nitrogen, and hydrogen depended on the
fact that these were all gases, rather than on any similarity in their chemistries. It did
make sense in 1817 [12] to discuss the many compounds of oxygen, nitrogen, and
hydrogen. But, since many of the proposed molecules were incorrectly understood,
only confusion resulted. Cooke created groups of elements, based first on their
similar chemistries. The first group was the now-familiar halogens, but with two
additional members: oxygen, which in 1855 [25] was considered very similar to
chlorine, and the molecule cyanogen (NCCN), which is still considered a
pseudo-halogen. The proposed numerical relations are fanciful, and depend on bad
atomic and molecular weights, but the grouping was brilliant. Since water was still
considered to be the molecule HO, this choice of elements was rational, albeit
incorrect. (The prototypical acids are HO, HF, HCN, HCIl, HBr, and HI). This
grouping led to correct atomic weights for the halogens and disproved Prout’s Law.

In addition to the main group, Cooke presented an “affiliated” group that
included chromium, manganese, osmium, and gold. Good atomic weights were
listed for all but osmium, which was half its modern value. The compounds were
oxides of the elements. The composition of the gold oxides was not yet known.
(They are now known to be aurous oxide (Au,0O) and auric oxide (Au,03).) Cooke
does list the correct formula for osmium tetroxide (OsQOy).

The next grouping consisted of oxygen, sulfur, selenium, and tellurium. The
proposed numerical relationships work for this group, since all the “accepted”
values were wrong by a factor of two (8, 16, 40, 64). But, sulfur does not work as a
triad with oxygen and selenium. Just as with the halogens, this grouping has
remained as a fact. It was noted that two oxides of sulfur, selenium, and tellurium
existed, of the form XO, and XOj. This inspired Cooke to create a group of
affiliated elements that also displayed oxides of this form: molybdenum, vanadium,
tungsten, tantalum, and manganese.

Cooke definitely liked oxygen, and included it in a third grouping: oxygen,
nitrogen, phosphorus, arsenic, antimony, and bismuth. Ignoring the obviously
errant inclusion of oxygen (Cooke noted that oxygen did not share the chemistry of
this group but was chosen for numerical reasons), the remaining five elements
continue to be considered a true group. Of even more interest, the atomic weights
chosen by Cooke were all close to modern values, except for the ancient stibium
(antimony). One of the reasons for this is that ammonia and phosphine were cor-
rectly identified as NH; and PH3. The basis for this was the observation that three
volumes of hydrogen combined with one volume of nitrogen to produce two vol-
umes of ammonia, noted by Dumas and Joseph Louis Gay-Lussac (1778-1850).
Why was this data accepted when the analogous data for oxygen and hydrogen (two
volumes of hydrogen combine with one volume of oxygen to make two volumes of
water) was rejected?! The incorrect atomic weight for oxygen (O = 8) caused the
empirical formulas for some oxides to be incorrect: NOs instead of N,Os. And there
are actually six known oxides of nitrogen. The oxide chemistry of antimony is
especially rich and many famous colors are based on these compounds.
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Cooke chose to create a group with carbon, boron, and silicon. His discussion is
highly flawed with respect to the underlying compounds. He lists bad atomic
weights for carbon (6) and silicon (21), but a correct value for boron (11). This
leads to incorrect oxides of boron and silicon: BO5 rather than B,O3, and SiO3
rather than SiO,. It is hard to be coherent when so much error is being organized.
Cooke emphasizes the similarities of boron with silicon. Both form crystals and
glasses, and hydrogen acids. Creating such a group may have helped to teach his
class, but when better atomic weights and correct compositions were obtained, it
was time to reconsider (see next section).

The apparent wealth of oxide minerals provided a basis to organize many metals
into a coherent arrangement. Cooke further subdivided this collection into three
subgroups. He used a matrix of potential oxides from M,O through MO,. The first
subgroup consisted of titanium, palladium, tin, platinum, iridium, osmium, and
gold. It was claimed that all members had univalent oxides of the form MO. This
eliminates gold, which we have already noted was Au,O and Au,0;. All the atomic
weights were incorrect (half their modern values due to O = 8), except for gold
which had a modern value (197). Titanium has a very rich oxide chemistry from
Ti,O to TiO,, with many non-stoichiometric compositions. The attempt to use the
oxide matrix as an organizing principle was fully appropriate in 1855, but incon-
sistencies still haunted the fundamental composition data.

The next subgroup consisted of aluminum, chromium, manganese, iron, cobalt,
nickel, and uranium. The atomic weights are all wrong, especially uranium. The
only oxide listed for aluminum is the correct Al,05 with none of the other plethora
of compounds. It would be a long time before boron and aluminum were recog-
nized as brothers. The other members of the group do share many compounds in
common, from MO to M,O,. They form the familiar sequence of transition metals:
Cr, Mn, Fe, Co, and Ni!

The final small subgroup consisted of copper and mercury. The atomic weights
are half of the modern values. The compounds of mercury are the familiar Hg,O
and HgO. Cooke lists nonexistent oxides of copper: Cu,O3 and CuO,. Not much
insight in this grouping.

The last large grouping is also divided into three subgroups. The first subgroup
consisted of magnesium, zinc, and cadmium. All the atomic weights are half of their
modern values. All of the elements have oxides of the form MO. Cooke lists oxides
for zinc and cadmium of the form M,0, but these are not known today. Not a great
grouping, but zinc and cadmium are highly related.

The second subgroup consisted of calcium, strontium, barium, and lead. The
atomic weights are half of the modern values. The characteristic compound is of the
form MO, just like the last group, but additional compounds are listed in the form
MO,. Strontium and barium do not exhibit such compounds. The oxide chemistry
of lead includes compounds from PbO (litharge and massicot) to PbO,. Red lead
(minium) is a mixture of lead(IT) and lead(I'V). Cooke lists a Pb(I) compound that is
not currently acknowledged. When Cooke’s organization is cleaned up, and fictive
compounds are eliminated, the combined subgroup would be Mg, Ca, Sr, and Ba:
the familiar alkaline earths.
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The final subgroup, based on the compounds MO, was composed of hydrogen,
lithium, sodium, potassium, and silver. Also of interest is the fact that the atomic
weights listed for this group are also in excellent agreement with modern values. (1,
6.5, 23, 39.5, 108.5) Inclusion of silver made complete sense in 1855, based on
AgCIl. It was univalent and a metal. But Cooke’s justification for this group is based
on nonexistent compounds: OH, LiO, NaO, KO, and AgO. The error occurs for the
same reason the compounds of mercury were misrepresented: good metal atomic
weights and incorrect oxygen atomic weight. Correcting the compounds to the real
H,0, Li,0, Na,0, K,0, and Ag,0 yields a sound grouping for 1855. The alkali
metals remain as a grouping that makes sense, even though hydrogen is not usually
considered a metal at atmospheric pressure. (At sufficient temperature and pressure
it is predicted to become a metal.)

Cooke engaged in a monumental program to make sense of the known elements.
He succeeded enough to teach a course in elementary chemistry. He tried to carry
out the natural philosophical analysis of the known compounds of the elements,
mostly oxides. But, his knowledge of the atomic weights was imperfect and his
knowledge of the compositions of his prototypical compounds was also flawed. He
never stopped trying to improve both his database and his analysis, and by 1868 he
had published a textbook that took advantage of better atomic weights and better
descriptive chemistry.

4.4 Josiah Parsons Cooke and First Principles of Chemical
Philosophy

Josiah Parsons Cooke taught chemistry at Harvard throughout the 1860s. He
benefitted from the Karlsruhe Conference in 1860, as did all the chemists in the
world [16]. Many of his atomic weights were now within experimental error of
modern values, but not all. As in 1855, he tried to organize the now 63 known
elements into groups with similar chemistries. His efforts produced Table II at the
back of his textbook: First Principles of Chemical Philosophy (1868) [29] (see
Fig. 4.4).

Cooke divided the elements into two large groups: (1) Perissad elements with
odd quantivalence, from 1 to 5, and (2) Artiad elements with even quantivalence
from 2 to 6 [30].' (Quantivalence is a nineteenth-century concept that expresses the
number of bonded neighbors of an atom.) He was aware that many elements
displayed several valences. And not all his quantivalence assignments were correct,
by modern standards. He provided an extensive discussion of the known properties
of each element and many of its known compounds. Without an accurate knowl-
edge of the chemistry of each element, further arrangement into subgroups would
be futile.

'William Odling previously used these terms [30].
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Fig. 4.4 Table Il from First Principles of Chemical Philosophy (1868) by Josiah Parsons Cooke
[29] (scanned from personal copy)
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He chose to discuss hydrogen (H = 1) in a group by itself, as one of the Perissad
elements. He seemed unaware of hydride compounds. (Sodium (NaH) and potas-
sium hydride (KH) were isolated by Henri Moissan (1852—-1907) in 1902.) He did
note that hydrogen seems able to react with most of the other elements. The current
fashion to include hydrogen with the alkali metals, because it heads column I of the
periodic table, ignores the rich chemistry of hydrogen compared with sodium.

The next group is the familiar halogens: F, Cl, Br, 1. Excellent atomic weights
are listed and many compounds are cited. He was aware of many oxides of chlorine;
this indicates that a quantivalence of 1 is not the only possibility for the heavier
halogens. He knew about fluorspar (CaF,) and other fluorine-containing minerals,
but it was not until 1886 that Moissan isolated pure fluorine gas.

The third group is the collection of alkali metals: Li, Na, K, Rb, and Cs. Again,
excellent atomic weights are given. They are indeed univalent and many com-
pounds are discussed. Except for the radioactive halogen, astatine (At), and the
radioactive alkali metal, francium (Fr)—among the naturally occurring elements—
these two foundational groups of elements are established. They allow good atomic
weights to be determined for any element that reacts with them.

The coinage metals are all discussed (Cu, Ag, Au), but they are not linked as a
group. Silver is included as a univalent metal with many compounds such as
silver chloride (AgCl) and silver nitrate (AgNO3). Gold is listed as a trivalent
metal in its own group as well. Gold trichloride (AuCls) is the key compound.
Copper is listed as an Artiad metal with a quantivalence of 2. Copper(I) com-
pounds are ignored. The insights that link these three elements were to be found
elsewhere. Inorganic chemistry continued its rapid development throughout the
nineteenth century. (And the wonders to be discovered in the twentieth century
were beyond imagination in 1868.)

Boron (B) is the crux of a problem. Much was known about this element and its
compounds. Cooke listed it as trivalent, and an obvious lightest element of some
group. But, alas, it is placed in a group of one. It was prepared in a solid state by
Davy in 1808. It occurs in the earth’s crust primarily as some form of borate (BO5)> ™.
The pure oxide is B,0O3. Cooke knew about the remarkable compound boron nitride
(BN(s)). He also knew that pure boron could be alloyed with pure aluminum. He
even knew that a polymer of boron, oxygen and hydrogen existed. (Commercial
“Borax” can still be purchased in a grocery store.) The chloride (BClz) and bromide
(BBr3) were known. With such a rich chemistry, it should have been a simple matter
to match boron up with other elements with the same chemistry. But, alas, aluminum
(Al) was listed as an Artiad element with quantivalences of 2 and 4! Cooke was
confused by the enormous number of complex minerals containing aluminum. One of
the most common is alum (KAI(SO,),.12H,0) If he had focused on pure alumina
(Al,0O3) or AlICI;, he would have seen the relationship more easily. But, pure alu-
minum was only commonly available after 1855, and Cooke may not have known of
the new developments. It only became a commercial product after 1886 with the
discovery of the Hall process. And the next element in the modern group, gallium
(Ga), had not yet been discovered.
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Nitrogen (N) was recognized as the first member of a group with quantivalence
II or V. The other members included phosphorus (P), arsenic (As), antimony
(Sb) and bismuth (Bi). Good atomic weights were known. There are many com-
pounds of nitrogen (and all the other members of this group) with oxygen. Davy
would be proud. (He studied many oxides of nitrogen, including breathing more
nitrous oxide than anyone.) There are many forms of hydrogen acids formed with
nitrogen and oxygen. And there are hydrogen compounds such as ammonia (NHj3),
phosphine (PH3), etc. Ammonium ion (NH,*) forms salts with many anions, such
as sal ammoniac (NH4CI), which was well-known in antiquity. Cooke was even
aware of the highly explosive compounds formed from nitrogen and halogens, such
as NI;. With such a rich chemistry, and so many similar elements known to the
chemist in 1860s, this group was natural.

While uranium (U) was known, Cooke listed a bad atomic weight and did not
associate it with anything else. He did know about the uranyl yellow dyes, for which
uranium is famous. (The yellow wall tiles in the Mellon Institute at Carnegie Mellon
University create quite a racket when a Geiger counter is held nearby.) But, it was the
extremely rich chemistry of uranium that prevented him from assigning it to either
major group, since it can adopt very many quantivalences. While he does mention one
chloride of uranium, there are at least five. One of the most important modern com-
pounds of uranium is the hexafluoride (UFg). This gaseous compound is used to
fractionate the isotopes of uranium to obtain the enriched form needed for fission
reactors. This embarrassment of riches made classification based on chemistry difficult.

The Artiad elements were characterized by even quantivalence. The prima
materia for this group is oxygen (O). Cooke was aware of a bewildering array of
compounds containing oxygen (and some that are no longer accepted as real).
While oxygen is now placed at the head of a group containing sulfur (S), selenium
(Se), and tellurium (Te), it merited a special place in Cooke’s Table because of the
richness of its chemistry. But, the higher members of the group also introduce new
richness. Any scheme of organization faces the dilemma of the lumper and the
splitter. The more you know, the more the “differences” between members of the
group are magnified. Where do you draw the line?!

The second major subgroup in this list comprises the alkaline earths: calcium
(Ca), strontium (Sr), and barium (Ba). Cooke also included lead (Pb). It is not that
there is no overlap between lead and the other elements in this group, but the
existence of PbO, should have ruled it out. All these elements do have oxides of the
form MO. Magnesium (Mg) is placed in a small group with zinc; and glucinum
(Be) in yet another small group. At the end of the discussion of lead, Cooke
suggests that it should not really be placed with calcium. In his discussion of
magnesium, which has all the compounds associated with calcium, he decides to
emphasize the differences, rather than the similarities. This group helps to illustrate
the inability of organizing all the elements on the basis of known chemistry alone.
Another measurable property is necessary to make further progress.

The Table of Artiad elements is dominated by many metals. The discussion above
[25] related the known chemistries for many of these substances, but the quantiva-
lences are not correctly given for most of them in Table II. Many groups of two are
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“split” by Cooke’s analysis, but elements such as chromium are linked with obvi-
ously different elements such as aluminum. Chromium can have a very large quan-
tivalence, while aluminum is actually a Perissad element. Cooke’s attempt to make
the quantitative organization of the elements has foundered on the rocks of bad data
and incorrect analysis. However, the progress displayed in Table II is impressive.

At the bottom of the Table we find silicon and carbon in groups of one. The
quantivalence is listed as IV, which by 1868 was the notion of Kekule. There are
enough differences between the pure elements and their compounds to make the
similarities less obvious.

Fortunately, Dmitri Mendeleev (1834-1907) was also concerned with making
chemistry transparent to his students [31]. He now had the same table of atomic
weights as Cooke; and he had the same extensive descriptive inorganic chemistry. The
obvious choice of using the measured atomic weights had been there since Dalton, but
the values were incorrect until Karlsruhe. Ordering the elements by atomic weight was
a brilliant step and helped Mendeleev create his famous initial version of the Periodic
table. There were still many ambiguities and problems, but the leap from Table II in
Cooke to the Table developed by Mendeleev was a major advance.

Cooke went on to devote his career to making precise measurements of atomic
weight. He succeeded and was elected to the National Academy of Sciences in
1872. Among the American chemists of the nineteenth century, I. Bernard Cohen
ranked Cooke as “the first university chemist to do truly distinguished work in the
field of chemistry” [32]. He set a standard for precise work that propelled both the
development of inorganic chemistry and the teaching of coherent principles of
chemical philosophy.

The sheer volume of chemical facts can be both discouraging and confusing.
But, the goal of Chemical Natural Philosophy is to create sound principles that can
guide daily thoughts and inspire new explorations. Both Sir John F. W. Herschel,
FRS, and Josiah Parsons Cooke, NAS, were exemplars of natural philosophy. Their
role in the story of the development of a rational chemistry of the elements is worth
knowing by all chemists and other scientists.
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Vis Tellurique of Alexandre-Emile
Béguyer de Chancourtois

Carmen J. Giunta

Abstract

The vis tellurique, the arrangement of elements and radicals that the French
geologist Alexandre-Emile Béguyer de Chancourtois presented in 1862, is
described. Reactions to the arrangement by contemporaries, by later chemists of
the nineteenth century, and by selected historians are examined. It is argued that
Béguyer de Chancourtois discovered the law of chemical periodicity, albeit in a
form too flawed and indefinite to appeal to contemporary chemists.

5.1 Introduction

On April 7, 1862, Alexandre-Emile Béguyer de Chancourtois' (1820-1886) made
the first of six presentations over the span of a year to the French Académie des
Sciences on a natural classification of simple bodies and radicals he called the vis
tellurique. The vis tellurique is considered by many chemists and historians to be
the first formulation and embodiment of the periodic law, that is, of the recognition

'T will refer to him as Béguyer de Chancourtois, following the guidance of the Bibliothéque
Nationale de France, or simply Béguyer. The most common nineteenth-century usage was
Chancourtois or de Chancourtois. The Notice de personne in the catalogue général of the
Bibliotheque says that Béguyer is the start of the surname.
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that chemical and physical properties of elements repeat when one orders elements
by atomic weight.” The memoirs, or rather extracts from them, were published in
the Académie’s Comptes rendus [1-6]. Famously not included in the journal
publications was the chart that Béguyer described and that embodied the classifi-
cation. He privately published a booklet in 1862 containing the chart as a six-panel
fold-out, along with reprints of the memoirs, some of them containing a small
amount of additional material left out of the publications in Comptes rendus [7].
The booklet and chart were revised in 1863 [8].

After a brief bit of biographical information [9, 10] on Béguyer de Chancourtois
to complete this introductory section, this chapter will summarize his presentations
and describe the vis fellurique. Reactions to the work during Béguyer’s lifetime will
be examined. An account of the posthumous rediscovery of his work and claims of
priority made on his behalf, as well as the treatment of the vis fellurique by later
chemists and historians, will follow. The chapter will conclude with my assessment
of the extent to which Béguyer de Chancourtois deserves to be considered a dis-
coverer of the periodic law.

Béguyer de Chancourtois (Fig. 5.1) was a reasonably well-established academic
and professional geologist at the Paris Ecole des Mines in 1862. At age 42, he was
assistant to Léonce Elie de Beaumont, France’s preeminent geologist, who held the
chair of geology at the Ecole des Mines and elsewhere in Paris. Béguyer was also
assistant director (also under Elie) of the French geological survey, and his volume
on the stratigraphy of the Haute-Marne [11], co-authored with Elie, would come out
later in 1862.

Born in Paris in 1820, Béguyer de Chancourtois was a Parisian throughout his
life, and he was affiliated with the Ecole des Mines for most of it. He entered the
Ecole Polytechnique in 1838 and the Ecole des Mines two years later. As a student,
he traveled to Eastern Europe and Western Asia, and an excerpt from one of his
letters [12] (to Elie de Beaumont) became his first publication in the Comptes
rendus. He returned to the Ecole des Mines as an instructor in 1848 and became
professeur suppléant® to Elie in 1852.

Béguyer de Chancourtois worked with a senior colleague at the Ecole des Mines,
Frédéric Le Play, in organizing the Exposition Universelle held in Paris in 1855, a
project which led both to connections in high places and to similar activities in the
future. Prince Napoleon, also known as Napoléon-Jérome Bonaparte, cousin of
Emperor Napoleon III (Louis Napoleon), had noticed Béguyer’s work on the
exposition. The Prince invited him to a voyage in the polar North Atlantic on the
royal yacht Reine Hortense in the next year. Later in the 1850s, Béguyer was chief
of staff to the Prince during his brief stint as Minister of Algerian and Colonial
Affairs. The Prince also tapped him for the commission organizing the 1867 Paris
Exposition Universelle. Béguyer located the Pavilion of Measures and Currency,

2Now, of course, the proper order is by atomic number.

3At this time, it was not unusual for prominent French scientists such as Elie de Beaumont to hold
chairs simultaneously at multiple institutions or for such professors to hire more or less permanent
substitutes to undertake their teaching duties.
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Fig. 5.1 Portrait of
Alexandre-Emile Béguyer de
Chancourtois (1820-1886)
taken by Alexandre Quinet
around 1882 (Courtesy of the
Bibliothéque nationale de
France)

whose dome was inscribed with the words “Omnia, o Deus, fecisti ex numero,
mensura et pondere,” in the center of the exposition. Béguyer later organized the
French geological exhibits at international expositions in Venice in 1881 and
Madrid in 1883.

Elie de Beaumont proved to have a lasting effect on Béguyer de Chancourtois, as
both a patron and an intellectual influence. Béguyer was described as Elie’s “sci-
entific heir and successor” [9]. He was his successor in the chair of geology at the
Ecole des Mines from 1875, the year after Elie’s death. He was also the primary
advocate of Elie’s hypothesis of the “pentagonal network,” a geometric idea of the
distribution of relief characteristics of the earth. We will see Elie invoked in
Béguyer’s thinking behind the vis tellurique.

Béguyer de Chancourtois died in Paris in 1886, not long after being named
president of the French geologic mapping service. In the year of his death he
arranged to have two seismological observatories set up in France. At the time he
was Inspector General of mines and still held his chair at the Ecole des Mines.

5.2 The Vis Tellurique

The vis tellurique chart (Fig. 5.2) is about 20 cm wide by nearly 146 cm long. The
graph is a grid marked out in what for our purposes are atomic weight units (see
below for discussion of the units.), 16 units wide (the atomic weight of oxygen),

““You have made everything, O God, from number, measure, and weight.” See Wisdom 11:21.
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Fig. 5.2 Vis tellurique chart
[7]. At this scale, one can
really see only the 45° line
segments with points
clustered on them and the fact
that the graph is much taller
than it is wide (Courtesy of
the Master and Fellows of

St Catharine’s College,
Cambridge)
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and 240 units tall. Béguyer de Chancourtois plotted points representing atomic
weights on a descending 45° line proceeding from the upper left of the graph to the
lower right and starting again on the left every time it reached 16 or a multiple of
16. The graph was intended to be wrapped around a circular cylinder, so that the
parallel 45° line segments would connect to form a continuous descending helix.

In his first presentation of the vis tellurique to the Académie des Sciences, on
April 7, 1862, Béguyer de Chancourtois described how he constructed the chart,
saying of the resulting arrangement [13]°

The relations between the properties of different bodies are manifested by simple geo-
metrical relations between the positions of their characteristic points.°®

The first such relationship he described was that related bodies fall on or near the
same vertical lines. His first example was oxygen, sulfur, selenium, and bismuth.
On the opposite side of the cylinder magnesium, calcium, iron, strontium, uranium,
and barium line up. Just to the left of the first set fall hydrogen and zinc; just to its
right fall bromine, iodine, copper, and lead. In another vertical line are lithium,
sodium, potassium, manganese, and more (See Fig. 5.3, the top portion of the
chart). Today one can see definite similarities in chemical and physical properties
among the elements within some of these groups, while other groups appear more
disparate. We shall see that Béguyer was rather expansive in what he considered to
be related elements, partly because his criteria were not just chemical and partly, I
believe, because his faith in order led him to perceive it in some places where it was
absent.
In this first paper, Béguyer did not limit himself to vertical relationships [13]:

Each helix drawn through two characteristic points and passing through several other points
or only near them, brings out relations of a certain kind between their properties; likenesses
and differences being manifested by a certain numerical order in their succession, for
example, immediate sequence or alternation at various periods.

This statement explicitly mentions periodicity in properties, but it asserts rela-
tionships practically at will or imagination: join a pair of elements and follow the
helix that connects them. Some non-vertical groupings will be examined below.
Near the end of this first memoir, Béguyer indulged in some numerological
speculations. Perhaps the set of characteristic numbers is the set of natural numbers.
In fact he plotted all points on whole numbers, in accord with Prout’s hypothesis.
Furthermore, he included some “compound radicles” [13] such as cyanogen and
ammonium (the latter visible in Fig. 5.3) on some natural numbers that did not
correspond to elements. But he went further: “In this natural series, the bodies
which are really simple, or at least irreducible by the ordinary means at our dis-
posal, would be represented by the prime numbers” [13] (italics in original). The
rightmost three columns of the vis tellurique chart (Fig. 5.3, to the right of the

5The English translation here is by Philip J Hartog whose 1889 paper [13] includes a translation of
Béguyer’s first paper on the vis tellurique [1].

SFor characteristic points, we would say atomic weights. See below for Béguyer’s description of
characteristic points. Both Béguyer and Hartog used italics for this statement.
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Fig. 5.3 The first two turns of the vis tellurique [7]. Note Li above Na, C above Si, O above S,
and Fl (fluorine) above Cl. Note also Bo (boron) in light print at three points on the second turn in
addition to where one would expect it on the first turn and Am (ammonium) near the bottom of the
figure (Courtesy of the Master and Fellows of St Catharine’s College, Cambridge)



5 Vis Tellurique Béguyer de Chancourtois 67

actual graph) list, respectively, prime numbers, the factorization of compound
numbers, and natural numbers.

Writers about the vis fellurique in the twentieth and twenty-first centuries usually
state that it was ignored for decades. That is not quite true: in fact, it was discussed
at the very next session of the Académie, April 14, 1862, by Charles Joseph
Sainte-Claire Deville [14]. If the name Sainte-Claire Deville looks familiar in
history of chemistry, it is not because of this one, but because of his brother
Etienne-Henri, who devised a way of obtaining aluminum in metallic form. Both
brothers were members of the Académie des Sciences in the mineralogical section.
(Béguyer de Chancourtois was not a member of the Académie, then or thereafter.)

Charles wished to assert a claim of priority for the classification of simple bodies
according to their roles in lithology. He had first published such a classification in
1855, having organized the material as part of the lithology course he taught at the
Collége de France, where he was an assistant of the omnipresent Elie de Beaumont.
An updated version of the table was included in the Comptes rendus of this session.
Sainte-Claire Deville’s table displays some familiar groupings of chemical ele-
ments, ones that have similar reactivity and stoichiometry manifest in the compo-
sition of minerals. No one who has seen a periodic table would see anything like it
in Sainte-Claire Deville’s table—which should come as no surprise, as he was not
trying to construct such a system.

It was Béguyer de Chancourtois’ turn to respond at the next session of the
Académie, on April 21 [2]. He also invoked teaching for Elie (at the Ecole des
Mines) as the inspiration for his arrangement, which was also based in lithology and
geognosy (classification of rocks and rock formations). The helical plot struck him
“as a means of joining in a fundamental series all the elements scattered on my
chart, then to manifest the correspondences of properties of all kinds.”’ He argued
that his chart is much more flexible than a double-entry table, for it can draw on a
practically infinite number of possible relationships, as helices can be drawn at
practically any inclination joining any two points. Although Béguyer portrayed this
extreme flexibility as an advantage of the vis fellurique, it is really a deficiency, for
he offers no guidance on how to distinguish helices that connect related elements
from those that connect arbitrary elements.

Figure 5.4, which is a detail of the 1863 edition of the vis fellurique [8, 15],
illustrates these additional helices. The diagonal lines other than the main 45°
descending line on which the points are plotted are other helices that connect sets of
plotted points to which Béguyer attached some significance. If the graph is wrapped
around a cylinder, all of the diagonal lines would wrap around to make helices of
different pitch. Some of the helices are labeled with numbers such as —5/11. That
helix descends five units as it moves right to left (signified by the minus sign) 11
units. The numerical labels also appear at the left and right margins of the graph,
where the helices would wrap around. The 1863 edition is better for illustrating

"Quotations in English from French-language publications, are by the present author unless
otherwise stated.
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Tableau des Caracleres Géomelriques
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Fig. 5.4 Detail of the first turn of the 1863 edition of the vis tellurique chart [8, 15] illustrating
helices as diagonal lines in addition to the main helix on which the points are plotted (Courtesy of
the Bibliothéque patrimoniale numérique, MINES ParisTech)

these secondary helices because it shows these numerical labels, which are not
present in the 1862 edition [7], and because the lines depicting these helices are
darker.

Sainte-Claire Deville made another presentation on his classification on April 28
[16]. In tone, it was more conciliatory than the previous one, noting that he and
Béguyer must arrive at the same place if they were correct, even if they traveled
different paths to get there. He praised the helical design of the vis fellurique for
displaying the continuous change in chemical properties, something that his own
table did not do. (By the way, Sainte-Claire Deville mused about making a 24-faced
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right prism to illustrate his classification. If the vis felluriqgue was a challenge
for printers, imagine producing such a prism!) This memoir was practically
exclusively geological, about how different elements entered into different classes
of minerals.

Béguyer de Chancourtois was on the program at the next session of the Aca-
démie on May 5 [3]. This paper looks like a natural follow-up to the April 7 paper
had Sainte-Claire Deville not spoken up. Once again Béguyer pointed out that
helices of various inclinations would illustrate relationships among the elements,
and here he gave another example. One such helix joins sulfur and iron, also
passing through tellurium and gold, “explaining the association of common iron
and gold in gold-bearing pyrite” [3]. This is an example of a geognostic association,
an observation quite different from properties such as valence or electrical polarity
or isomorphism, emphasized by chemists who classified elements.

Speaking of tellurium, it is in this memoir that Béguyer explained the name he
gave his system. Vis tellurique has usually been translated into English as telluric
screw, although telluric helix [13] better conveys the abstract geometry of the
arrangement. Both tellurique and its English cognate telluric can refer to the ele-
ment tellurium or to the earth (fellus in Latin), for which tellurium is named.
Béguyer called the helix telluric partly for the element, which lies about halfway
down the chart (albeit near the bottom of the part that is densely covered with
entries), and partly to emphasize the earthy or geognostic origins of the system.

In this paper Béguyer gave a bit more information about the set of characteristic
points or numerical characters he used. We can regard these numbers as atomic
weights, although it is difficult to discern exactly how Béguyer thought of them. He
insisted that his classification was independent of preconceived theoretical ideas
such as atoms [2]. Leaving aside the characters he based on specific heat, the
numbers he used were, for a specified set of elements, the “proportional numbers”
found in chemical treatises or, for the remaining elements, twice those proportional
numbers [3]. Now the “proportional numbers” available in most French chemical
treatises available at the time were equivalents. Doubling equivalents of elements
with even valences basically produced the atomic weight system advocated by
French chemists such as Charles Gerhardt, Auguste Laurent, and Adolphe Wurtz.
At about this time, Stanislao Cannizzaro famously elucidated theoretical bases for
deriving atomic weights [17]. Béguyer did not, nor did he mention Cannizzaro,
Gerhardt, Laurent, or Wurtz. Recalling that Béguyer was not a chemist, we cannot
assume that he was familiar with the debates on atoms, molecules, and equivalents
that engaged chemists around 1860. Regardless of the conceptual significance
Béguyer attached to them, his numerical characters are the atomic weights one
would obtain by chemical analysis from compounds whose formula he specified
based on a system where hydrogen is one and oxygen 16.

One important respect in which Béguyer’s characteristic numbers differed from
contemporary chemists’ concepts of atomic weights is that Béguyer believed that
many elements have more than one numerical character [3]:
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Most of the known simple bodies then offer several distinct numerical characters corre-
sponding to different physical states and by which one must reconcile, as a case of iso-
merism, the apparently contradictory results of chemical and physical experiments. We can
say that instead of one body there are several associates, one of which is the type and the
others are immediate derivatives.

The reference to a type in this last sentence illustrates a key difference between
Béguyer’s view of elements and that of contemporary chemists. In mineralogy, a
mineral species is often defined by a physical exemplar, the “type specimen.” Other
specimens of the same mineral can coexist with the type despite differences from it.
Chemists, by contrast, regarded atoms of the same element as identical.

The detail of the vis tellurique shown in Fig. 5.3 shows silicon at 28 (on the
second turn of the helix) and again at 36 (on the third turn); silicon appears again on
the chart at 43. These numbers are based on differing assumptions about the for-
mula of silica: SiO,, Si,Os_and SiOj, respectively. The column in the lithographed
chart just to the left of the actual graph lists the compound and formula Béguyer
used to justify the atomic weight plotted on that line.

It is worth emphasizing that Béguyer did not regard alternative values of atomic
weight as a matter of uncertainty over a unique property whose value was one of a
discrete set of possibilities depending on which of several assumptions was correct.
Chemists of this time would have assigned one value to the atomic weight of silicon
if its oxide was SiO; and a different value if it was SiO,: they may not have known
which stoichiometry (and corresponding atomic weight) was correct, but they did
not believe both could be correct. But Béguyer did not use the language of
uncertainty in the passage quoted above: multiple values represented different
physical states rather than alternative estimates of a unique value. Furthermore, the
legend of the vis tellurique chart (Fig. 5.5) employs the language of type and
derivative used in the passage above. Of the three characters for silicon, 43 (based
on silica as Si03) is designated the type; all three characters are shown as “definite”
according to the symbols in the legend.®

As noted, most of the numerical characters on Béguyer’s chart were based on
“proportional numbers” from chemical treatises based on particular stoichiometry
of specified compounds as described above. Some, however, were based on the law
of Dulong and Petit and specific heats reported by Victor Regnault. Béguyer used
the principle that the product of atomic weight and specific heat was the same for all
elements [1]; indeed, this is the sole occurrence of the phrase atomic weight in the
set of vis tellurique memoirs in the Comptes rendus. Cannizzaro had described how
to use such heat capacity information to select among possible atomic weights
based on uncertain stoichiometry [17]. Béguyer, however, placed numerical char-
acters derived from heat capacities alongside those from proportional numbers. For

8Bach silicon point is also shown with an experimental uncertainty of one unit, depicted as a bold
line segment above or below the plotted point. Figure 5.3 also illustrates multiple characters for
boron (Bo) with a primary character of 11 and three secondary characters (17, 22, and 29). These
values are based on the formula of “boric acid” (the compound we would call boric oxide or boric
anhydride) as Bo,O3, B0,Os, BoO3, and BoOy, respectively. In this case, only the type character of
11 is designated as definite; the others, plotted in dotted symbols, are characterized as “probable.”
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Fig. 5.5 The legend of the vis tellurique from Ref [7]. The triangle of circled dots in the upper
part of the legend represents three classes of elements, gazolytes (top, red), leucolytes (lower right,
black), and chroicolytes (lower left, green) (Courtesy of the Master and Fellows of St Catharine’s
College, Cambridge)

example, the chart shows antimony at 129 based on thermal measurements
alongside the type character at 121; those two values are reported as definite, and
characters plotted at 123 and 242 are depicted as probable.

In a passage left out of the Comptes rendus but included in the later pamphlet
version of this paper [8], Béguyer went on to discuss considerations that led him to
some of the characters he selected for some specific elements. (And when he
reported more than one character for one element, he described them as “a first” and
“a second,” etc.—not as alternatives). In the same section, he mentioned just a few
compound (that is, polyatomic) radicals he included on the chart, namely cyanogen,
which he formulated as C,N,, ammonium (N,Hg), and a mineralogical radical of
orthoclase. Orthoclase is a potassium aluminosilicate, and Béguyer gave this radical
a character of 33, the average of the primary characters of potassium and aluminum.

Several months passed before another presentation to the Académie on the vis
tellurique. In the meantime, the first edition of his booklet and chart was published
[7]. The booklet is 12 pages long, reprinting the first three memoirs from the
Comptes rendus [1-3].

Béguyer de Chancourtois presented the fourth paper in the series on October 13,
1862 [4]. At that time, he presented the Académie with a copy of the lithographed
chart. He hoped that it would promote understanding of the pieces published earlier
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in the year in the Comptes rendus and would facilitate critiques from interested
scientists. It did not seem to accomplish this aim—but then again, the chart was not
published in the Comptes rendus.

Within his arrangement of the vis tellurique, Béguyer continued to class ele-
ments as gazolytes, leucolytes, or chroicolytes, or some combination of these main
classes. This classification had been introduced by André-Marie Ampere in 1816
[18].” Ampére is best known today for his work in electricity; his name is the base
unit for current in the International System of Units (SI). In chemistry, he also
published a version of Avogadro’s hypothesis in 1814. At any rate, the division of
elements among these three broad classes was still employed in the 1860s in
textbooks and treatises of chemistry [19] and mineralogy [20]. Gazolytes, depicted
in red on the vis tellurique, were elements that form permanent gases (nitrogen, for
example), and Béguyer thought that metalloids (such as phosphorus) also belonged
to that group. Leucolytes, depicted in black, do not form permanent gases with each
other, but they do not form particularly refractory materials either; in colorless
acids, they form colorless solutions. Sodium and magnesium were among the
elements in this class. Chroicolytes, depicted in dark green, do form refractory
materials, and if their oxides dissolve in acid, the solutions are colored. Iron, cobalt,
and copper were examples. The rather elaborate key Béguyer included at the bot-
tom of the chart (Fig. 5.5), permits entries to be classed as one of these types or as
some combination of them.

The fifth of Béguyer de Chancourtois’ memoirs in the Comptes rendus was
presented on February 9, 1863 [5]. This application of the vis tellurique to the
theory of steel is the one paper of his six that he would not reproduce in the 1863
edition of his booklet [8]. Béguyer observed that many elements that are either hard
themselves or that are used to harden alloys fall on a certain helix that connects
bodies whose character is a multiple of 11. These include boron (11 and 22), carbon
(44, based on the law of Dulong and Petit and the heat capacity of diamond),
manganese, zinc, arsenic, antimony, tungsten, and iridium. Note that some of these
points are secondary characters and others depend on error bars assigned to atomic
weights. He concluded that “The number 11 therefore seems characteristic of a
certain hardness” [5]. There are also a number of elements whose atomic weights
are multiples of 7 that are hard or can act as hardeners: they include nitrogen, silicon
(28 and 42), titanium, iron, arsenic, iodine, vanadium, and tungsten. Absent from
this paper, and apparently superseded, is an aside from the May 1862 paper [4]
asserting that practically all of the bodies used to make steel are grouped on or near
the vertical line down from atomic weight 12.

Béguyer de Chancourtois presented the last of his six papers [6] on the vis
tellurique at the Académie’s session of March 16, 1863. This paper was largely
about how the recently discovered element thallium fit into his system. It contains
some of the most explicit statements of Béguyer’s numerological ideas. It also

Ampére’s long article was serialized in four consecutive monthly issues of the Annales de chimie
et de physique. The terms gazolytes, leucolytes, and chroicolytes are explained in the last six pages
of the final installment.
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happens to be the paper whose version in the 1863 booklet [8] shows the most
additions compared to the Comptes rendus.

A recent report of the heat capacity of thallium led Béguyer to adopt 103 as the
element’s primary numerical character, which would place it on the same vertical
line as lithium, sodium, potassium, manganese, and rubidium. In fact, the accepted
atomic weight of thallium'® is nearly double 103, and it is not classified as an alkali
metal, although it commonly takes on an oxidation number of +1. Still, Béguyer’s
willingness to group thallium with the metals above it strikes me as the most
chemically astute example given in the whole set of six papers. That is, this vertical
line connects many elements that exhibit similar chemical behavior while omitting
few elements that also exhibit that behavior and including few that do not belong.
The other observation he made about thallium in this paper is that it lies on a helix
consisting only of “rare, singular or virtual bodies, such as arsenic, the radical of
orthoclase, and fluorine” [6]. He proposed to add to this helix a point at atomic
weight 5, which he assigned to ozone (one-sixth of the sum of oxygen and nitro-
gen). Why oxygen and nitrogen, why one-sixth, and what ozone has in common
with thallium and the other singular bodies mentioned (other than fluorine) was not
explained.

In this paper Béguyer repeated his belief that prime numbers are important in the
structure of matter. Almost all of the numerical characters on the chart, he noted, are
either prime numbers, one unit away from prime numbers, or half of “one unit away
from prime numbers.”'" If this observation sounds like a suggestion that prime
numbers are surprisingly connected to the structure of matter, the following
observation (not made by Béguyer) puts the statement into context: nearly 90% of
the natural numbers up to 200 (roughly the range of numerical characters in the vis
tellurique) fall into one of these categories. So the observation that nearly all of the
atomic weights plotted at the nearest natural number falls into one of these cate-
gories is neither surprising nor physically significant.

Béguyer’s guiding philosophy was, perhaps, summarized by the statement that
“The properties of bodies are the properties of numbers,”'” a statement emphasized
in the booklet version of this paper by being printed in small capital letters [6].

The 1863 edition of the booklet (Fig. 5.6) and chart [8] contains a postscript
dated April 6, 1863—one day short of a year after his first presentation on the vis
tellurique. The postscript, on the 21st and final page of the booklet, describes the
preceding pages as the abridged papers on his work that had appeared in the
Comptes rendus, supplemented by a few additional words (shown in smaller print)
needed to convey the sequence of ideas. (Béguyer did not mention that the booklet
contains only five of the six papers [1-4, 6].) Most of the postscript describes

19A value in the low 200s was also used by other pioneers of the periodic system in the 1860s,
including John Newlands, William Odling, Dmitri Mendeleev, and Lothar Meyer.

""That is, if we represent a prime number by p, numbers that can be represented as (p & 1)/2.
Since all primes greater than 2 are odd numbers, the corresponding numbers (p + 1)/2 are all
integers.

21 es propriétés des corps sont les propriétés des nombres.
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Fig. 5.6 Front cover of the 1863 edition of the vis fellurique booklet [8]. This copy was once
owned by Stanislao Cannizzaro (Courtesy of the private collection that holds it)

differences between the second and third printings of the chart.'*'* The most
important change in the chart was the subject of the final paper, namely the addition
of the recently discovered thallium to the system. The other changes were minor,
such as adding some secondary characters and plotting some points in dots (indi-
cating probable values) rather than solidly (indicating definite ones).

!3Reference to the second printing is a bit mysterious. The copies of the chart currently in libraries
are either the first printing or the third printing, according to responses to my inquiries. The upper
right of both of these printings bears the words “Premicre Esquisse, 7 Avril 1862.” In the chart that
accompanied the 1863 booklet, the phrase “3° Tirage 16 Mars 1863 follows those words.
“Premiére Esquisse” was evidently intended to indicate when the chart was first drafted or
presented, and not to label a given version.

14At least one version of the booklet included a second fold-out chart, “une seconde planche
muette, du développement du cylindre disposée pour 1’étude et I’extension du systeme” according
to nineteenth-century advertisements and twenty-first-century library catalog descriptions. The
planche muette appears to be a blank version of the chart, displaying the grid and some secondary
helices but lacking plotted points. I have not been able to examine a physical example of the
planche muette or a high-resolution scan of it.
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5.3 Reaction to the Vis Tellurique

As mentioned above, the vis tellurique was ignored by chemists in the 1860s, or at
least it made little or no impression in print. It was not as though Béguyer’s pre-
sentations were published in an obscure journal: they appeared in one of the most
important scientific publications in Europe, the Académie’s Comptes rendus. To be
sure, Béguyer de Chancourtois was a geologist, not a chemist; however, the Aca-
démie published all six of his presentations under the heading of general chemistry.

To be sure, the papers make little sense without the chart. The Académie did not
publish the chart, but Béguyer did. And he sent the chart and booklet to other
scholars (savants), as he noted in the postscript to the 1863 booklet [8]: he said that
his list of changes from the previous version was addressed to those scholars whose
attention he was soliciting and to whom he had sent the earlier version. It would be
interesting to know how widely he diffused the booklets, especially by discipline:
were the recipients mostly chemists? mostly geologists?

The vis tellurique does not appear to have been reported on much outside France
in 1862 or 1863. A short paragraph abstract of it appeared under the heading of
general chemistry in the Jahresbericht iiber die Fortschritte der Chemie und ver-
wandter Theile anderer Wissenschaften for 1862 [21]. Another short paragraph on
it appeared in the American Journal of Science and the Arts in 1863 [22], in which
the French chemist Jerome Nicklés intimated that it appeared to be the key to a
fundamental law."

At the end of Béguyer’s fourth memoir in the Comptes rendus [4], it is noted that
Jean-Baptiste Dumas, then dean of French chemistry, was named as one of the
commissaires the Académie assigned to this work. It was normal practice for the
Académie to name a few members as commissaires for memoirs presented by
non-members. The commissaires originally named for Béguyer’s work, listed under
the title of the first publication [1], were Henri Hureau de Sénarmont, Gabriel
Delafosse, and Gabriel-Auguste Daubrée, all members of the mineralogical section
of the Académie. De Sénarmont died in June 1862, and Dumas was listed as his
replacement at the end of Béguyer’s October 1862 memoir.

Dumas had published on relations among the equivalents of the elements just a
few years earlier, including an 82-page memoir in 1858 [23]. Dumas’ memoir is
frequently mentioned among the work of chemists in the 1850s who were seeking
patterns and relationships among the atomic weights of the elements—as forerun-
ners of the periodic law who did not, however, observe chemical periodicity [24,
25]. We know, therefore, that Dumas was at least exposed to the vis fellurique and

15Jerome Nicklés was professor of chemistry at Nancy, France, and a regular correspondent to the
journal more in the capacity of a reporter than a researcher. His contributions were mainly
collection of short reports and blurbs on current scientific developments in France. It is in this
capacity that he mentioned the vis tellurique. Nickles is best known for his research on fluorine,
which ended his life tragically in 1869 in an attempt to isolate that element.
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that he was interested in classification of the elements. I know of no reaction by
Dumas to Béguyer’s work, nor of any report on his work by the commissaires.'®

It is worthwhile to mention one other famous nineteenth-century chemist who
apparently left no reaction to the vis tellurique. Cannizzaro is best known today for
rationalizing atomic weight measurements into a self-consistent system [17], a
development that is widely considered to be a prerequisite to the discovery of
chemical periodicity [26, 27]. Cannizzaro owned a copy of Béguyer de Chan-
courtois’ booklet and chart (1863 version, Fig. 5.6). That copy bears no inscription
or notes, however. It is not known when or how Cannizzaro acquired the copy or
what he thought of it.

If few of Béguyer’s contemporaries saw his lithographed chart, few likewise saw
it subsequently. It is a rarity among book dealers and collectors: only four copies of
the item have been offered for sale over the last 50 years [28]. WorldCat lists only a
handful of copies in its member institutions around the world, most of them in
France, including at the Bibliothéque nationale de France and MINES ParisTech
(successor of the Ecole des Mines). In addition, there are copies at the Science
Museum of London and St Catharine’s College, Cambridge. At least two were
placed on exhibit [29, 30] in 2019 during the International Year of the Periodic
Table. High-resolution scans of the chart or of a significant portion of it are now
available online [15, 31].

5.4 Later Attention and Priority Claims

We pick up the story of the vis tellurique some 15 years later, in the late 1870s. The
intervening time was very eventful for the development of the periodic law, as can
be seen in several other chapters of this book. Periodic systems of the elements
were proposed by several chemists. This time also includes the discovery of gal-
lium, whose resemblance to Mendeleev’s predicted eka-aluminum was noted in
short order. In sum, the periodic system was beginning to become widely known in
chemistry during this time [32]. But the vis fellurique had to wait still longer to
capture the attention of many chemists.

The next published mention of the vis tellurique by a chemist appears to be an
implicit one in passing by the French chemist Wurtz. In his 1879 book La Théorie
atomique, he described Mendeleev’s system of classification of elements. Period-
icity was observed, he wrote, after putting the elements in order by atomic weight.
Atomic weight order, though simple, was a key idea. In a footnote, Wurtz added
that Mendeleev’s idea was not unlike one put forward earlier by “M. de Chan-
courtois” [33]. The mention does not name the vis fellurique or provide any bib-
liographic pointers. In context, it seems to me that Wurtz was claiming priority for

19T inquired whether the archives of the Académie des Sciences contained any items related to the
vis tellurique—manuscripts or charts from the author or a report of the commissaires, for example.
The answer was that there was nothing. Appointment of a commission did not imply that a report
was produced, let alone published.
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Béguyer not for periodicity, but for arranging elements in order by atomic weight—
although he was not actually the first to do so.

Six years later (1885), Wurtz’s Introduction a l’étude de chimie contained two
mentions of Béguyer in connection with the periodic law [34]. The first, in the
preface by Charles Friedel and Georges Salet, lists “de Chancourtois” along with
Dumas, John Newlands, and Mendeleev as investigators of ingenious relationships
between the atomic weights of elements and their properties. In the body of the text,
Waurtz discussed Dumas’ work on relationships among the atomic weights of the
elements, then listed Béguyer along with John Hall Gladstone, Josiah Parsons
Cooke, Newlands, Max von Pettenkofer, William Odling, and Peter Kremers as
other investigators of relationships among atomic weights. Also in 1885, in his
book Les origines de l’alchimie, Marcellin Berthelot credited first Béguyer, then
Newlands, Lothar Meyer, and Mendeleev for parallel periodic series [35]. Although
Berthelot credited Béguyer with what later chemists would consider a more
important advance than Wurtz did, both of these French chemists mentioned his
work in passing, providing neither the name vis fellurique nor explanation nor
bibliographic information about it.

Béguyer de Chancourtois died in Paris in November 1886, and the obituaries
that appeared early in 1887 in French geological periodicals inevitably mentioned
the vis tellurique, sometimes in detail. Edmond Fuchs, a colleague of Béguyer at the
Ecole des Mines, highlighted the vis tellurique in his long obituary published in the
Annales des Mines [9] and in the Bulletin of the French Geological Society [36]: it
must rank at the top of a series of first-rate works of Béguyer. Fuchs described the
vis tellurique in some detail, and noted that chemists had later developed similar
ideas independently.

Thus Lothar Meyer, Mendeleef, & c., have established a general classification of simple
bodies according to their atomic weights; but they did it in a much less felicitous way and in
the rudimentary form of a double-entry table.

Fuchs also quoted at length from Béguyer’s inscription of a presentation copy of the
vis tellurique to Prince Napoleon. The inscription is idealistic, religious, and
mystical, expressing a faith in science for the benefit of humanity.

Mineralogist Ernest Mallard, also of the Ecole des Mines, also highlighted the
vis tellurique in the much shorter obituary he published in the Bulletin of the French
Society of Mineralogy [37], in effect calling it Béguyer’s best work. “We know ...
what has been the success of M. Mendelejeft’s ideas,” he wrote, and one can see
that the same ideas inspired Béguyer several years earlier. Mallard attributed to
Béguyer what has become the classic statement of the periodic law, that physical
and chemical properties are a periodic function of atomic weight.

Mendeleev himself mentioned Béguyer in his 1889 Faraday lecture [38]:

The idea of seeking for a relation between the atomic weights of all the elements was
foreign to the ideas then current, so that neither the vis tellurique of De Chancourtois, nor
the law of octaves of Newlands, could secure anybody’s attention.
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In effect, Mendeleev said that the two were ahead of their time. He added:

And yet both De Chancourtois and Newlands, like Dumas and Strecker, more than Lenssen
and Pettenkofer, had made an approach to the periodic law and had discovered its germs.

Later in 1889 came a milestone in making Béguyer’s work known in the
chemical community, namely the first graphical representation of his system ever
published in a major journal (Fig. 5.7) and the first anywhere since his own booklet
with fold-out chart. This came in Philip Hartog’s article in Nature, “A First
Foreshadowing of the Periodic Law” [13].

Hartog’s paper includes a translation of Béguyer’s first paper, Hartog’s own
assessment of the significance of the vis tellurique, and a highly simplified version
of the first two turns of the graph, leaving out radicals, secondary characters, and

Fig. 5.7 Figure illustrating
Philip Hartog’s report on the
vis tellurique [13]. Digitized
by Google Books
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additional helices intended to show relationships among elements. Although the
graph published in Hartog’s article is much abbreviated and simplified compared to
Béguyer’s own, no caption or explanatory text tells the reader that it is simplified,
let alone how it is simplified. Hartog did not claim for Béguyer “the discovery of
Newlands and Mendeleev.” He asserted (incorrectly) that Béguyer was the first to
publish a list of all the known elements in order of atomic weight, an explicit claim
that echoes Wurtz’s 1879 passing mention. But Hartog did not see octaves or
periods in Béguyer’s work.

In 1891, two French scientists made a priority claim on behalf of Béguyer de
Chancourtois, namely Francois Lecoq de Boisbaudran,'” who had discovered
gallium, and Albert de Lapparent, a French geologist who attended the Ecole des
Mines while Béguyer was Elie’s assistant there. They published in the Comptes
rendus [39], and a translation of their article appeared [40], along with an editorial
[41], in the Chemical News. The person whose priority these authors wished to
contest was not Mendeleev or Meyer, but Newlands, for Newlands had, they noted,
established priority with respect to Mendeleev. Near the beginning of the article,
they noted that Newlands had claimed to be the first to list the known elements in
order of atomic weight [42, 43]; they correctly pointed out that Béguyer had done
so before him, but mistakenly asserted that he was the first.

They described the vis tellurique and included a simplified and abridged version
of the chart (Fig. 5.8), which they called a “reduction.” It is considerably simplified,
but it does include secondary characters for some elements (an issue discussed in
their text) and a secondary helix. The authors judged that the vis tellurique contains
both atomic weight order and evidence of periodicity, even though it has flaws as
well.

Near the end of the article, they asked how it was possible that Béguyer’s work,
published in the most widely circulated scientific periodical in the world, could
have escaped the notice of Newlands “whose good faith cannot be doubted” [40].
They answered this question in a way echoed by many writers on the vis tellurique
after them: because the diagram was not included in the publication, and that the
privately published diagram did not receive wide circulation.

William Crookes published a translation of Lecoq de Boisbaudran and Lap-
parent’s paper in the Chemical News (without the figure, by the way), but he
preceded it with a decidedly skeptical editorial. Béguyer’s memoirs were in the
Comptes rendus for all to see over all these years, and no one had interpreted them
in this way before: when Lecoq discussed the predictions of Mendeleev while
reporting the discovery of gallium, he made no mention of the vis tellurique; when
Mendeleev and Meyer had something of a priority dispute, no one brought it up;
and when the matter was reexamined in light of Newlands’s priority claims, no one
mentioned it. Crookes’s judgment of Béguyer’s papers was [41]:

"7 According to the Notice de personne in the catalogue général of the Bibliothéque national de
France, the international form of the name of the discoverer of gallium is Lecoq de Boisbaudran,
Frangois. His name is also given as Paul-Emile Lecoq de Boisbaudran in many sources.
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Esquisse de la vis tellurique.
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Fig. 5.8 Reduction of the vis tellurique illustrating the report by Lecoq de Boisbaudran and
Lapparent [39]. Digitized by Google Books
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They certainly contain a proposal to classify the elements with reference to their atomic
weights. But we may be permitted to doubt whether they can be fairly considered as the
germ of the Periodic Law.

5.5 Historical Treatments

By 1891, Béguyer de Chancourtois’ work was rediscovered, and writers on the
origins of the periodic table would nearly always mention him, either as a precursor
or as a discoverer of chemical periodicity. And they would nearly always include an
illustration, albeit always abbreviated and nearly always simplified.

In 1895, Karl Seubert collected and edited a group of writings on the periodic
table for the 68th number in the series of Ostwalds Klassiker.'® Along with primary
texts by Meyer and Mendeleev were notes by Seubert [44]. Those notes offered the
interesting suggestion that chemists were too focused on organic chemistry in the
early 1860s to pay attention to Béguyer’s work. The suggestion is simply an
assertion, though, not supported by argument. The emergence of the structural
theory of organic chemistry at about this time may have appeared, from the per-
spective of the 1890s, to be the major development in chemistry during the late
1850s and early 1860s. The careers of Dumas and Cannizzaro, however, as well as
the Karlsruhe Congress of 1860, would seem to be counterexamples to the asser-
tion. Both Dumas and Cannizzaro were organic chemists and both wrote important
papers on atomic weights in the late 1850s [17, 23]. Both attended the Karlsruhe
Congress, where atoms, molecules, and equivalents were the central topics of
discussion, as did many prominent chemists from throughout Europe.

Seubert included an illustration of the vis tellurique (Fig. 5.9) which had the
advantage of being able to be set in type rather than needing to be engraved or
otherwise reproduced as artwork. Technically it is a table rather than a figure. In
fact, Seubert’s tabular version is an only slightly simplified depiction of Lecoq and
Lapparent’s graphic. But Seubert stated (incorrectly) that Lecoq and Lapparent gave
a faithful copy of Béguyer’s figure.

Francis Venable’s 1896 book on the development of the periodic law [45]
includes the statement that Béguyer de Chancourtois “may in some measure be
regarded as the originator of the periodic law.” Venable illustrated the vis tellurique
in an abbreviated but quite faithful way (Fig. 5.10), if not in perfect French. It is
abbreviated in that it shows only the first three turns of the main helix, but it shows
secondary characters (mentioned also in the text), radicals, and even the columns of
prime numbers, factorized numbers, and natural numbers. Aside from abbreviation,

80stwalds Klassiker der exakten Wissenschaften was a long-running series of reprints in German
of important texts in the natural sciences and mathematics. The series is named after its originator,
the physical chemist Wilhelm Ostwald, and it was published for many years by Wilhelm
Engelmann in Leipzig. The series was launched in 1889 with a reprint of Uber die Erhaltung der
Kraft by Hermann Helmholtz. Nearly 200 volumes were published over the next 30 years, and the
series continued at a slower pace after that.
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Fig. 5.9 Karl Seubert’s representation of the vis tellurique [44]. Public domain image from
Universitat de Barcelona, Biblioteca Patrimonial Digital
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Fig. 5.10 Depiction of the TABLEAU
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this illustration of the vis fellurique is a simplification only in that it does not show
helices other than the main one.

Venable also pronounced on the priority of publishing a table of elements in
atomic weight order [46]. He credited John Hall Gladstone for this innovation in
1853 [47], nearly a decade before Béguyer. In the twenty-first century it seems
remarkable that a table of elements ordered by atomic weight was such an inno-
vation, particularly in light of the primacy that determining atomic and molecular
weights had in the chemical research programs of the first half of the nineteenth
century. My own unsystematic perusal of tables of weights in papers and textbooks
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of the time showed alphabetical order to be usual. Often the tables listed both
elements and compounds. John Dalton’s famous table in A New System of Chemical
Philosophy [48] lists 20 elements in atomic weight order, and then several
compounds.'”

Let us consider one more example from near the turn of the twentieth century.
George Rudorf, a 19-year-old student of William Ramsay’s at University College
London wrote of Béguyer [52]

Being a mathematician and a geologist, he did not consider his spiral from the point of view
of chemical facts, and thus the “vis tellurique,” as it was called, received no attention, and
fell entirely into oblivion until unearthed in 1889.

When 1 first read Rudorf’s words, they struck me as brash and not entirely
accurate; for example, there is a difference between a mathematician and a number
mystic, and Béguyer appears to have been the latter rather than the former. On
reflection, though, I think he is right about chemical considerations not having been
the prime consideration in Béguyer’s thinking about the relationships of elements.
Rudorf’s treatment of the vis fellurique is very brief, but it does mention that
Béguyer used helices other than the main one to illustrate relationships. Rudorf’s
illustration of the vis fellurique is more simplified even than Hartog’s [13].

This review of Béguyer’s place in historical treatments of the periodic law
moves ahead now to the work of the historian who first introduced me to the vis
tellurique, Jan van Spronsen. His classic history of the first 100 years of the
periodic system of the elements [53], published about 50 years ago, named Béguyer
de Chancourtois one of the independent discoverers of the periodic law. That book
raised more questions with me about the vis tellurique than it answered, for it
included both a highly simplified graphic and an image of the first three turns of
Béguyer’s lithographed chart.”® Although the fragment of the original chart was
neither large enough nor extensive enough to study in detail, it was clear that the
chart was much more complex than the simplified version. The simplified figure
illustrated well most of what van Spronsen wrote about the vis tellurique, and he did
note that the redrawn figure was simplified. Put another way, van Spronsen wrote
little or nothing about the portions of the original chart that were omitted from the
simplification. I wondered why, for instance, I could see points representing boron
in several places on the original. I wondered about the radicals mentioned in the
title of the chart. The discrepancy between the two charts was at the back of my
mind for perhaps 20 years before I saw a high-quality scan of the original (and then
later an actual paper copy).

“Dalton published a partial list of the relative weights of the ultimate bodies of gases and volatile
bodies even earlier [49, published in 1805, read in 1803]. A notable but not comprehensive list of
elements only arranged by atomic weight appears in an 1833 paper by Marc-Antoine Gaudin [50].
In another paper read in 1831 and published in 1833, Gaudin included a more complete table of
elements in atomic weight order, but the table was not published. See Theron Cole’s paper on
Gaudin [51].

20The simplified graphic in Ref. [53] is identical to that displayed as Fig. 5.11 in the present work
except for the typeface and the size of plotted points. The image of the original in van Spronsen’s
book is comparable to Figs. 5.3 and 5.4 of the present work.



5 Vis Tellurique Béguyer de Chancourtois 85

As far as I have been able to trace, van Spronsen’s simplified vis tellurique
(Fig. 5.11) first appeared in a 1951 article on priority for the periodic table in the
Royal Dutch Chemical Society’s member magazine [54]. In the text, van Spronsen
noted that reprinting the original would have been impractical so he presented the
graphic somewhat simplified, but preserving the original as much as possible. This
article named Béguyer as the first of the independent discoverers of the periodic
law. Van Spronsen regretted the fact that no graphic was published with Béguyer’s
memoirs. He noted that Meyer, Mendeleev, and especially Newlands claimed credit
for their formulations of the periodic law once it became widely known, but that
Béguyer did not. He speculated that Béguyer no longer cared about his system,
possibly because he was not a chemist. At any rate, van Spronsen dated the dis-
covery of the periodic system to 1862.

5.6 Did Béguyer de Chancourtois
Discover the Periodic Law?

Having examined the vis tellurique memoirs and chart and much of what has been
written about them since, I turn to the question of whether or not Béguyer de
Chancourtois ought to be counted among the discoverers of the periodic law.
I choose to engage this question understanding that “Who discovered x?” is both
philosophically and historically vexed. See Michael Gordin’s chapter on the ped-
agogical origins of Mendeleev’s and Meyer’s classification systems for a discussion
of the problems with “who discovered” questions in general and their application to
the periodic system in particular [55]. Among the problems is identifying the
essence of the discovery in question and drawing a sharp boundary around it,
conceptually, linguistically, and chronologically isolating it from what was not the
discovery and from subsequent development of the discovery. Identifying the
essence of a discovery is always anachronistic, always done after the fact (whenever
that was) and having in mind a version of the discovery that emerged from
whatever historical processes produced it.

Nevertheless, “who discovered it” is a tantalizing question for scientists of the
present day interested in the development of the theories, practices, and concepts
they now use. Trying to identify the essence of a discovery can promote reflection
on what is important and what superfluous to a concept as currently employed.
Looking at the past of the discipline from the perspective of the present can satisfy
the curiosity of present-day scientists. So I offer my answer to the question “Did
Béguyer de Chancourtois discover the periodic law?” for the consideration of the
readers of this chapter, understanding full well that “discovering the periodic law”
is not what Béguyer set out to do, not what he thought he was doing while working
on the vis tellurique, and not what any other scientist at the time understood him to
have done.
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Fig. 5.11 Depiction of the
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Fig. 1. Syseem van de Chancourtois uit 1862,

I agree with those who count Béguyer among the discoverers of the periodic law.
His classification was comprehensive, including all known elements, and it related
properties of elements to atomic weights. Béguyer both explicitly and implicitly
asserted periodicity (that is recurrence) for related elements. (A comprehensive
classification based on atomic weight order that asserts recurrence of properties is
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what I take to be the essence of the periodic law when that law became widely
accepted by chemists in the later nineteenth century.) He presented very little,
though, that would make chemists of the time think that there was anything useful
for them in the arrangement. Looking back from 150 years, it is obvious that there
was much dross in the vis rellurique, but chemical periodicity seems to be there as
well.

The first geometrical relationship among related bodies that Béguyer described
in the vis tellurique was that they fall on or near the same vertical lines. In effect,
because of the way he constructed the vis tellurique, this amounts to saying that
related bodies have atomic weights that differ by 16 or multiples of 16 (or have
differences near to multiples of 16). This certainly seems to be the case among the
lighter elements, as a glance of Fig. 5.7 (Hartog’s simplification) shows. Among the
perfect vertical alignments visible here are Li with Na, Bo with Al, C with Si, O
with S, and F with CI; and the alignments of Be with Mg and N with P are off by
just one unit. The earliest embodiments of the periodic law worked very well for the
lightest elements, and even those of the later discoverers of the law, Mendeleev and
Meyer, struggled with the heaviest elements.

It is very easy to understand how a chemist of the late nineteenth century who
already knew about chemical periodicity would see it in Fig. 5.7. In addition to this
apparent display of periodicity, there is an explicit statement of alternation of
properties at various periods in Béguyer’s first paper on the vis tellurique [1, 13].
Béguyer both displayed periodicity in the vis tellurique (albeit more complexly and
less perfectly than does Fig. 5.7) and described it.

But I would not call the vis fellurique a periodic system because it is too flexible
to yield definite predictions or classifications: it is highly underdetermined. Com-
paring the simplified Fig. 5.7 to an image of the same part of the original chart
(Fig. 5.3) reveals three sources of its indeterminacy: secondary characters, radicals,
and diagonal lines intended to show relationships among points other than on
vertical lines. As previously mentioned, there are three secondary characters for
boron on this section of the chart (three on the second turn of the helix). Also
visible on this portion of the chart are secondary characters for lithium, calcium, and
silicon based on alternative formulas of key compounds. This section of the chart
also shows several radicals: ammonium (as noted above), methyl, and mineralogical
“radicals” of orthoclase and albite. To be fair, Béguyer did not include radicals in
most of his examples of related bodies, but he did include them on the chart and in
at least one example of relationships [6]. The diagonal lines denoting relationships
among bodies that do not line up vertically are barely visible in Fig. 5.3, but they
are more prominent and more plentiful in Fig. 5.4, taken from the 1863 version of
the lithographed chart [8].

One other factor contributes to the underdetermination of the vis rellurique: the
basis for asserting relationships among bodies is not always clear and when clear,
not always based on chemistry. Some of the diagonal relationships described in the
later memoirs in the series are geognostic [3] or metallurgical [5] relationships.
With so many points to connect and so many ways of connecting them, the vis
tellurique offers too little guidance to constitute a useful system.



88 C. J. Giunta

The vis tellurique is perhaps the best example from the career of Béguyer de
Chancourtois that suggests he was something of a latter-day Pythagorean, but it is
not the only one. We have already noted his belief that “The properties of bodies are
the properties of numbers,” coming near the conclusion of his final paper on the vis
tellurique [6], as well as his suspicion that the prime numbers were of fundamental
significance to understanding the elements [1, 6, 13]. His colleague and obituarist,
Fuchs, stated several times that organization and system were hallmarks of
Béguyer: his inscription on and positioning of the Pavilion of Measures and Cur-
rency at the 1867 exposition, his advocacy of Elie de Beaumont’s pentagonal
network of geological features, and his advocacy (along with other geodesists) of a
decimal system of angles®' were all examples [9]. Clearly Béguyer saw and valued
patterns, a laudable trait shared with scientists before and after him. Equally clearly,
some of the patterns that he saw were more illusory than real, including some he
pointed out in the vis fellurique.

Having given my assessment of the vis tellurique, I make a few observations on
the opinions of the chemists who brought the vis tellurique to the attention of other
chemists in the late nineteenth century. Hartog’s assessment [13] puzzles me. As
already noted, his illustration of Béguyer’s chart (Fig. 5.7) is an oversimplification.
It seems to me that if one had wished to illustrate the vis fellurique in the best
possible light to make the case that it embodies the periodic law—glossing over its
complexities and deficiencies and maximizing the appearance of periodicity—one
could hardly have done better than Fig. 5.7. (I do not suggest that Hartog had any
such deceptive intent, and after all, Hartog’s figure illustrates the main idea of the
vis tellurique, which had previously not been illustrated in any widely available
publication).

And yet Hartog did not credit Béguyer with discovery of the periodic law. The
title of his article refers to a “first foreshadowing” of that law, and his paper
concludes with the statement [13]

But the discovery of the “octaves” or “periods” cannot be ascribed to our author, although it
seems almost impossible that chemists should not have perceived their existence on looking
at his table.

Hartog seems to be saying that although it did not announce the periodic law, the
vis tellurique would have led chemists to it if they had only paid attention.

Lecoq de Boisbaudran and Lapparent did a better job than Hartog both in
illustrating and in describing the vis fellurique, and in my opinion they arrived at a
sounder appraisal. They described and depicted both the significance and flaws of
the vis tellurique [39, 40]:

We are far from pretending that the theory of the screw is free from faults, and that the
author has not grafted upon his work many considerations which he had better had left in
the shade.

2!This system would divide the circumference of the earth into four quadrants, each of which is
divided into 100 parts, as proposed in the original metric system.
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Finally, I count Crookes among the chemists who brought Béguyer’s work to the
attention of other chemists late in the nineteenth century by publishing a translation
of the paper of Lecoq de Boisbaudran and Lapparent [40]. In the editorial that
precedes the translation [41], Crookes offered sage advice to those who delve into
the history of ideas: “In going over old researches we often find in them matter
which we may now regard as a forecast of subsequent discoveries.” He added that
“there is no sufficient evidence that the author [Béguyer] disentangled such matter
from accompanying speculations.” It is undeniable that Béguyer failed to disen-
tangle periodicity of elementary properties from abundant unfounded speculations.
Crookes seemed to think that failure should deprive Béguyer of credit for having
reported chemical periodicity. If Crookes required a discovery to be unalloyed by
unfounded speculation or error before it can be counted a discovery, he set the bar
too high, in my opinion. To put it another way, Crookes and I have some different
ground rules for the “Who discovered it” game. Comparing answers and comparing
rules are part of what makes the game interesting and entertaining!
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Abstract

Two British chemists, William Odling and John A. R. Newlands, published
separate periodic arrangements of the elements in the middle 1860s, several
years before Mendeleev’s first periodic table. This chapter provides an overview
of the periodic systems of Odling and Newlands, their development over time,
the reception of their work, and our perspective on the often-discussed question
of who deserves recognition as a discoverer of the periodic law.

6.1 Introduction

Among those who made attempts to construct a periodic system before Dmitri
Mendeleev (1834-1907) were two British chemists, William Odling and John A.
R. Newlands. In 1864, Odling published his periodic table in the Quarterly Journal
of Science and a slightly different table in an encyclopedia article and in a textbook
in the following year. In 1863, Newlands began classifying elements in the journal
Chemical News, and he published several periodic arrangements over the next three
years. Despite these accomplishments, Odling and Newlands remain less well
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known as independent discoverers of the periodic law than Mendeleev and Lothar
Meyer. In addition to giving brief overviews of the lives and careers of these two
London chemists, this chapter examines the papers and books that Odling and
Newlands published on periodic systems, summarizes the reception of their work,
and discusses the credit they deserve as discoverers of the periodic law.

6.2 William Odling
6.2.1 Biographical Information

William Odling (1829-1921) (Fig. 6.1) [1-7] had a long and successful career as a
chemist. The son of a surgeon, Odling was privately educated until he entered the
medical school [8, 9] at Guy’s Hospital at the age of 16. His principal chemistry
teacher at Guy’s was Alfred Swaine Taylor (1806—1880), who lectured on chem-
istry and medical jurisprudence. In 1851 Odling became one of the first students to
receive an M.D. degree from London University, but he never practiced medicine,
preferring instead to turn his talents to teaching and research in chemistry.

At Guy’s Hospital, Odling was appointed demonstrator in chemistry in 1850, the
Director of the Chemical Laboratory in 1851, and Professor of Practical Chemistry
in 1856. He also was the first Medical Officer of Health for the borough of Lambeth
in London, starting in 1856. He held this post until 1863, when he succeeded
Edward Frankland (1825-1899) as Lecturer in Chemistry at St. Bartholomew’s
Hospital, where he served until 1870. In 1867, upon Faraday’s death, he became

Fig. 6.1 William Odling,
approximately 1867
(Reproduced courtesy of the
Royal Society of Chemistry
Library)
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Fullerian professor of chemistry at the Royal Institution, serving until 1872, when
he was appointed Waynflete Professor of Chemistry at the University of Oxford, as
a successor to Benjamin Brodie (1817-1880). Odling held this position for the next
forty years, retiring in 1912. As was not uncommon for that time, several of these
appointments overlapped, especially early in his career.

Upon succeeding Brodie at Oxford in 1872, Odling married Elizabeth Mary
Smee (1843-1919); she was the daughter of Alfred Smee, an English surgeon,
chemist, metallurgist, electrical researcher, inventor, and orchid enthusiast. William
and Elizabeth had three sons and a daughter: George Smee Aldersey Odling-Smee
(1873-1926), Mary Elizabeth Odling (1875-1887), Maj. William Alfred Odling
(1879-1943), and Marmaduke Odling (1886—1956). Marmaduke became an ana-
Iytical chemist and geologist.

Odling had a long (sixty-five-year) relationship with the Chemical Society of
London. Elected as a Fellow in 1848 (at age 19), he served as secretary of the
Society (1856-1869), vice-president (1869-1873), and president (1873—1875). He
was a Fellow of the Royal Society (1859) and a Fellow of the Royal College of
Physicians (1859). As Marsh noted, with respect to the length of his service in the
Chemical Society [1], “At his death he was senior Fellow but one.”

Odling published 79 papers by our count (some seemed to have been published
in multiple journals; we have counted them once). A complete listing can be put
together from [7] and the relevant Catalogues of Scientific Papers Compiled by the
Royal Society of London.

Odling’s first published paper, on arsenical poisoning [10], appeared in 1851.
His last, in 1887, concerned the decomposition of aromatic acids [11]. In between,
he was interested in many topics, including the constitution of the hydrocarbons
[12], analytical tests for arsenic [13], alkaline emanations from sewers and
cess-pools [14], an analysis of the common contaminants in the Guy’s Hospital well
and their comparison to Thames water and to other deep-wells in London [15], the
nomenclature of organic compounds [16], the classification of silicates [17], and the
valency of aluminum [18].

A particular interest was the constitution of chemical compounds. As part of this
effort, in 1855 he proposed a system of what he called dashes but which are more
commonly referred to as “prime symbols” (e.g., Ag’ or P"") to indicate the equiv-
alent value or substitution value (valence) of an atom in a chemical compound [19].
Odling’s 1858 paper [20], “Remarks on the Doctrine of Equivalents,” contained a
summary of the reasons behind this proposal:

The idea of multi-equivalent or polyatomic radicals was, I believe, first announced by
Williamson in a paper “On the Constitution of Salts,” published in the year 1851. Some
time afterwards he found a disciple in myself, who, in 1854 and 1855, extended his original
notion, illustrated it by a variety of formulae, and moreover, rendered it more precise by
applying to it the equivalent notation by dashes, to which I have before referred.

The word equivalent was originally employed by Wollaston as a substitute for Dalton’s
word atom. Wollaston’s notion of equivalency appears to have been derived chiefly from
the phe&nomena of what was then considered chemical combination, as instanced more
particularly in the case of neutralization. Thus, a given proportion of potash united with an



96 C. J. Giunta et al.

equivalent quantity of oxalic acid to form a neutral salt, and with twice its equivalent to
form an acid salt, and so forth. But this idea of equivalency, which accords much the same
signification to the words atoms and equivalent, has been greatly called in question. The
controversy was begun by Gerhardt and Laurent, who first clearly established the difference
between the atomic weight of a body and its equivalent value. ...

To facilitate comparison, I proposed some few years back, that mode of indicating dif-
ferences in equivalent value which has now come into very general use, namely, by the use
of one or more dashes placed to the right or left of the symbol, so as to establish a difference
to the eye between the atom of a body and its equivalent or substitution value, as shown in
the following formulae:— Ag”*PO* Phospate of silver; Bi"’PO* Phosphate of bismuth.

This interest in chemical constitution led to Odling’s papers on type theory and
the classification of the elements discussed later in Sect. 6.2.2.

Note, by the way, that equivalent value as used here by Odling differs from
equivalent weight or simply equivalent.! Equivalent value corresponds to a concept
that we call valence, and that during the middle of the nineteenth century was
variously called atomicity and quantivalence. Assigning definitions to terms such as
“equivalent” and “atom” was discussed during the Karlsruhe Congress in 1860
[22], although the distinction between those terms that was later observed was not
yet consistently in use in the years immediately following the Congress. Moreover,
as has been noted by Alan Rocke, even William Hyde Wollaston, who had pop-
ularized the word “equivalent” in chemistry, used it in a way that was functionally
identical to atomic weight, although his equivalents had different numerical values
than the atomic weights derived by some of his contemporaries [23]. Odling,
however, did not use the terms in this way. He states in his 1855 article that the
“dashes” indicate how many hydrogen atoms are replaced by the atom of interest to
form related compounds. His “equivalent” or “equivalent value” is a stoichiometric
number and thus an integer (or a fraction), not a weight.

Odling’s first book, A Course of Practical Chemistry, Arranged for the Use of
Medical Students, appeared in 1854 [24]; it went through five editions, the last
appearing in 1876. In the same year that he published the first edition of his
textbook, Odling translated Auguste Laurent’s Méthode de chimie into English
(1854) [25, 26]. Laurent (1807-1853) and Charles Frédéric Gerhardt (1816—1856)
were proponents of the type theory of chemical constitution. Odling, who had
studied with Gerhardt in 1851, became a convert to their modified type theory.
Odling’s lectures and papers on this topic laid the foundation for the theory of
valency, as originally defined by Frankland [4].

'As Trevor Levere succinctly described it [21]: “Take the combination between hydrogen and
oxygen. Everyone could agree that eight parts by weight of oxygen combined with one part by
weight of hydrogen. Why not simply say that eight parts by weight of oxygen were equivalent to
one part by weight of hydrogen, and then present that empirically determined result by saying that
if one took the equivalent weight of hydrogen as 1, then the equivalent weight of oxygen was 8.
Formulas could then represent the number of equivalent weights involved in a compound: carbon
dioxide would have one equivalent of carbon to two equivalents of oxygen. For practical purposes,
at least in the early nineteenth century, it made no difference whether chemists used a system of
atoms or of equivalents.”
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In 1861, Odling published A Manual of Chemistry, Descriptive and Theoretical,
Part 1 [27] in which he “adopted the plan of treating chemistry as a whole without
subdividing it into organic and inorganic” [1]. In this book, Odling further devel-
oped his reasons for defining the atomic weight of oxygen as 16 (thereby making
the formula for water H,O) although he still had not accepted all the revisions in
atomic weights recommended by Cannizzaro. The book was also notable because it
contained the first correct structure of ozone.” Although there was only one edition
of the Manual, it was translated into German (1865), French (1868), and Russian
(1865). Part 2 was never published in book form. Selections from part 2 were
published in the Chemical News but much remained unpublished in manuscript
form at the time of Odling’s death [1].

It is possible that translating Laurent’s work led Odling to think more deeply
about valency, and in writing his own textbooks he sought ways to systematize
chemical knowledge for easy consumption by students. It is, perhaps, no surprise
that three of the people who made significant contributions to the development of
periodic systems, Odling, Meyer, and Mendeleev, all were heavily involved in
writing textbooks in the 1860s [29].

Odling published very few articles after he moved to Oxford in 1872. According
to Marsh [1]:

Odling was never the slave of the laboratory. Even in early life his taste was for the
philosophic and speculative rather than for the practical side of the science. Instead of
directing the research work of his assistants and students, he preferred to let them work out
their own ideas, and he held that the “best of all endowments for research is that with which
the searcher, relying on his own energies, succeeds in endowing himself . . .”

The last book Odling wrote appeared in 1916 during his retirement [30], The
Technic of Versification: Notes and Illustrations. In his obituary of Odling, Marsh
noted [1]:

Odling retired from the professorship at Oxford in 1912. In the first year of his retirement he
seemed somewhat restless. Then he settled down to write another book, and that on a
subject which rather surprised his family and friends. It was called “The Technic of Ver-
sification.” To the mere chemist it appears like a kind of type theory of verse with a
symbolic notation, almost chemical. It was written in his favourite style without the use of
any principal verb. It contains a fine anthology of English poetry. There is no incongruity
here, that poetry should appeal to a man of science. Is not Discovery the poetry of Science?

6.2.2 1857: “On the Natural Groupings of Elements”

Between 1855 and 1857, Odling wrote several articles related to Gerhardt’s theory
of types. Gerhardt had formulated four inorganic types—water H,O, ammonia
NH;, hydrochloric acid HCI, and hydrogen H,—from which, in his view, all

2According to his family [28], this resulted in his nickname of “Ozone Odling.”
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Fig. 6.2 Table from “On the Constitution of the Hydrocarbons” [12] (Private collection)

organic compounds could be derived. One of the important consequences of Ger-
hardt’s theory was that unknown compounds could be predicted in large numbers
by this scheme of classification.

In February 1855, Odling gave an important lecture at the Royal Institution, “On
the Constitution of the Hydrocarbons” [12] in which he added the CH, type (what
came to be known as the marsh-gas type) to Gerhardt’s H,, HCI, H,O, and NHj;
types [31, 32] (see Fig. 6.2).

This addition to type theory was, however, incidental to the main thesis of the
lecture, which was how a scientist should use and could abuse theory. Odling began
his lecture as follows:

Every chemical compound may be regarded in a great number of different aspects. Each of
the different theories that have been propounded concerning the chemical constitution of
bodies, is true in reference to one particular aspect,—untrue in reference to all others.
Theories are of the highest service when they enable us to look upon a larger number of
bodies from a single point of view, —of the highest detriment, when they prevent us from
making use of all other points of view.

Odling offered up this new type, the CH, type, in order to show that it did not
clarify the situation with respect to radicals. In his view, radicals did not denote
anything intrinsic about the structure of molecules. As Rocke has stated [33]:

His [Odling’s] goal was to demolish the whole notion of radicals as preexisting parts of
molecules. Radicals, he [Odling] averred, are nothing more than a convenient means of
accounting for and notating the components of compounds, and have no further
signification.

Odling ended his lecture by summing up his thesis:

In the three best known hydro-carbons, coal-gas, olefiant-gas, and benzene, as in many
other bodies ordinarily represented as containing compound radicals, the conception of
self-existent constituent compound radicals, is not only unnecessary but irrational. The
particular groupings of atoms, which we denominate compound radicals, do not have an
existence apart from the other constituents of the bodies, into which they are said to enter.

In other words, radical theory was too confining and too artificial. What was
needed was a new, more universal theory to help chemists understand the structure
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of molecules. Odling’s call for a new way of thinking was realized through the
development of the structural theory of Kekulé, Couper, and Butlerov, which began
to be formulated about three years later [34]. Rocke has suggested [33] that
“[Odling’s] paper surely influenced contemporaries, Kekulé foremost among them.
Kekulé may well have attended Odling’s lecture.”

Odling’s two 1857 papers [35, 36] “On the natural groupings of elements”
extend the ideas about the relationships of the atomic weights of the elements that
had been published by John Hall Gladstone (1827-1902) in 1853 [37]. Gladstone
had stated:

The numerical relations are of three kinds. The atomic weights of analogous elements may
be the same; or may be in multiple proportion; or differ by certain increments.

Gladstone had found the first rule by listing the atomic weights of the elements
(e.g, H=1,C =6,0 =8, N = 14) according to increasing numerical values, and
pointing out that the metals of the iron group, the platinum metals, and some rare
earths have approximately the same atomic weight. The second rule involved
elements whose atomic weights, as they were known at the time, were related (or
nearly related) by integer multipliers. One example was O = 8 and S = 16, but
Gladstone noted other examples, such as B = 10.9, Si = 21.3, Ti = 25, Mo = 46,
Sn =58, Y =68.6, W =92, Ta = 184 (multiples of 11.5). The third rule involved
triads,® which were defined by differences in their atomic weights.

In his two 1857 communications, Odling modified Gladstone’s relationships by
dividing the elements into 13 groups, which he arranged in tabular form. The first of
Odling’s 1857 communications [35] dealt exclusively with the acid-forming
(“chlorous”) elements, whereas the second dealt with the metals (“basylous” ele-
ments) [36]. Odling stated his intentions at the beginning of the first paper:

That certain elements have certain properties in common is now a time-honoured doctrine
in chemical science; but the majority of chemists have been satisfied with a simple
admission of the fact: they have not investigated the extent of the association, nor availed
themselves of it as a means of classification. On the contrary, although the groupings of the
elements are as real and certain as the natural families of plants and animals, yet we find
constantly, in our systematic treatises, that bodies manifesting the strongest analogies are
widely separated from one another, while bodies belonging to very different groups are
conventionally associated.

The existence of certain important natural families has been successively pointed out by
different chemists. I propose to make some modifications in the groupings hitherto pro-
posed, to construct a few new groups, and to point out the principal analogies by which the
members of each particular group, old or new, are associated; ...

In attempting a classification of the elements, we must have regard, though not an equal
regard, to all the properties they manifest; or in other words, we must be guided by the
totality of their characters.

3Triads are formed of three elements, in which the atomic weight of the middle element is the
average of the atomic weights of the first and third. One example of a triad is Cl, Br, and I. J. W.
Débereiner had first proposed the existence of triads in 1817 [38—40]. A general discussion of
developments of periodic systems before Mendeleev can be found in Girolami [41].
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Because the atomic weights Gerhardt and Laurent had used for the non-metals
were already correct, i.e., equal to the modern values, Odling’s first paper greatly
improved Gladstone’s ideas by extending the usual triads of non-metals to groups
of four or five by adding elements before and sometimes afterward (F, Cl, Br, I; O,
S, Se, Te; N, P, As, Sb, Bi; C, B, Si, Ti, Sn).

At the end of this first communication Odling remarked:

The elements fluorine, oxygen, nitrogen, and carbon, which would thus stand at the head of
the four groups, present a curious numerical sequence: C = 12 forms H4C, N = 14 forms
H3N, O = 16 forms H,O, F = 18 (?) forms HF. ... In all four groups a gradual development
of metallic character accompanies the increase in atomic weights, illustrating forcibly the
extremely artificial character of the division of the elements into metallic and non-metallic
bodies.

Odling was the first to point out this correlation between atomic weight and
valence.

The second of the 1857 communications was affected by the fact that many of
the atomic weights Odling used for metallic elements were not true atomic weights.
As a result, Odling was led, like Gladstone before him, to classify into triads some
elements that were not related in a periodic fashion. But some of Odling’s triads of
metallic elements corresponded to modern groups, e.g., Ca-Sr-Ba formed one triad
and Mg-Zn-Cd formed another. Several elements, however, appeared in more than
one triad.

6.2.3 Interlude

Dmitri Mendeleev and Lothar Meyer both attended the famous 1860 Congress in
Karlsruhe where Cannizzaro gave his lecture on the revision of atomic weights.
Odling was one of the secretaries at the Congress [5]. Whereas Mendeleev and
Meyer were profoundly impressed with Cannizzaro’s ideas, Odling was not. In an
article on atomic weights for Watts’s Dictionary in 1863, Odling rejected Can-
nizzaro’s new atomic weights [42] and continued to use the same atomic weights he
had used from 1857 to 1861. Among his reasons for objecting to Cannizzaro’s ideas
were the following: “Cannizzaro’s proposal ... would involve the dissociation of
silver from lead, and that of the metals of the alkalis from those of the alkaline
earths.” Both of those consequences are in fact correct, as Odling soon came to
appreciate.

6.2.4 1864: “On the Proportional Numbers of the Elements”

Only a few months later, Odling changed his mind and adopted Cannizzaro’s
numbers for the atomic weights of the elements, publishing his conclusions in the
October 1864 issue of the Quarterly Journal of Science. In this article, “On the
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H 1 Hydrogen. Fe 56 Iron, Cd 112 Cadmium,
L 7  Lithium. Co 59 Cobalt. Sn 118 Tin.
G 9  Glucinum. Ni 59 Nickel. U 120 TUranium.
B 11 Boron. Cu 635 Copper. Sh 122 Antimony.
C 12 Carbon. Yt 64 Yttrium. I 127 Iodine.
N 14 Nitrogen. Zn 65 Zine. Te 129 Tellurium.
O 16 Oxygen. As 75 Arsenio. | Os 133 Ceesium,
F 19  Fluorine. | Be 79-5 Selenium. { Ba 137 Barium.
Na 23 Sodium, | Br 80 Bromine. YV 137 Vanadium,
Mg 24 Magnesium. { Rb 85 tubidium. Ta 138 Tantalum.
Al 27+5 Aluminjum, | Sr 875 Strontium. W 184 Tungsten,
S8i 28 Silicon. | Zr 89-5 Zirconium, Cb 195 Niobium.
P 81 Phosphorus. Je 92 Cerium, Au 196-5 Gold.
= 32  Sulphur, Ia 92 Lanthanum. Pt 197 Platinum,
Cl  35+5 Chlorine. Dy 96 Dydymuun. Ir 197 Iridium.
K 39 Potassium, Mo 96 Molybdenum, | Os 199  Osmium.
Ca 40 Calcium. Ro 104 Rhodium. Hg 200 Mercury.
Ti 50 Titanium. Ru 104 Ruthenium. T1 203 Thallium.
Cr 52-5 Chromium. Pd 106+5 Palladium, Pb 207 Lead.
Mn 55 DManganese, Ag 108  Silver. Bi 210 Bismuth,
Th 231+5 Thorinum.

Fig. 6.3 Table from “On the Proportional Numbers of the Elements” [43] (Private collection)

Proportional Numbers of the Elements [43],” Odling arranged all of the elements in
increasing order of their atomic weights (Fig. 6.3), just as Gladstone had in his
1853 article but with the new atomic weights.

He then stated:

With what ease this purely arithmetical seriation may be made to accord with a horizontal
arrangement of the elements according to their usually received groupings, is shown in the
following table [Fig. 6.4], in the first three columns of which the numerical sequence is
perfect, while in the other two the irregularities are but very few and trivial...

Odling’s insight was that, by ordering the elements according to Cannizzaro’s
atomic weights, elements with similar properties can be made to align in “horizontal
arrangements.”

Through a series of eight additional tables, Odling showed that many pairs of
elements with similar properties had atomic weights that differed by about 90; for
other pairs, the difference was about 44, and for others, the difference was about 16.
Odling drew some conclusions in connection with these relationships.

If we compare together certain pairs of more or less analogous elements, we find in a
considerable number of instances, embracing one-half the entire number of elements, a
difference in atomic weight ranging from 84.5 to 97, ...

In about one-half of the above instances, the two elements associated with one another are
known to be the first and third terms respectively of certain triplet families; and the
discovery of intermediate elements in the case of some or all of the other pairs, is not by any
means improbable.
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Ro 104 Pt 197
Ru 104 Ir 197
Pt 106:5| Os 199
PERRER B » ,, Ag 108 Au 196°5
i k) Zn 65 Ccd 112 Hg 200 .......
...... i . . T1 203
O 0l . e Pb 207 .....]
i o ST U 120 X ’
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e.Na 28 | K 89 Rb 85 Cs 133
Mg 24 | Ca 40 S EEl B el e s
Ti 50 Zr 89'5 | Ta 138 Th 231-5
» Ce 92 55
Cr 525 | Mo 96 v 187..)...
Mu 55 {w 184
Fe 56
Co 59
Ni 59
Cu 635

Fig. 6.4 Table from “On the Proportional Numbers of the Elements” [43] (Private collection)

Although a few others (such as Lenssen) had previously predicted the existence
of new elements based on completing a triad [44], here Odling’s prediction is of a
different nature because it is based on a periodic system involving both intragroup
and intergroup relationships [45, 46]. Odling stated:

Since many of the elements that have analogous positions in different groups have closely
approximating atomic weights, it is evident that the mere determination of the atomic
weight of a newly discovered element assists us but little in deciding to what group it
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belongs, but only indicates its position in the group; among the members of every
well-defined group the sequence of properties and sequence of atomic weights are strictly
parallel to one another.

Doubtless some of the arithmetical relations exemplified in the foregoing tables and
remarks are simply accidental; but taken altogether, they are too numerous and decided not
to depend upon some hitherto unrecognised general law.

Odling clearly recognized three important aspects of a true periodic system.
First, if the elements are ordered according to increasing atomic weight, repeating
patterns in properties emerge. Second, elements within groups have a regular
progression of atomic weights, but more importantly, similar progressions are seen
in different groups. Third, these patterns are indicative of an underlying law of
nature.

Among the most notable features of Odling’s 1864 article are the following:
(1) Odling classified 57 of the then known 60 elements into main groups, subgroups
and transition elements, as part of a universal periodic system; (2) he interpreted the
gaps in his system to be placeholders for elements that had not yet been discovered;
(3) he was one of the first to recognize that the positions of iodine (at. wt. 127) and
tellurium (at. wt. 129) must be inverted relative to strict atomic weight order
(Newlands [47] and Meyer [48] also did this in publications in 1864); (4) he noted
that the atomic weight difference between B (11) and Al (27.5) is about the same as
the differences between F and Cl, O and S, N and P, C and Si, G [Be] and Mg, Li
and Na, or Na and K; (5) he was the first to put boron at the top of a group, pairing
it with aluminum and noting a likely vacancy below Al; and (6) he showed addi-
tional valence relationships (such as between the alkaline earths and the Zn, Cd, Hg
triad) via dotted lines which presaged the arrangement of groups of elements into A
and B subgroups (Mendeleev’s subgrouping of the elements into “odd” and “even”
numbered rows).

6.2.5 1865: Watts’s Dictionary

Two years after writing an article on the topic of atomic weights for volume 1 of
Watts’s Dictionary, Odling wrote a second article entitled “Metals, Atomic Weights
and Classification of” for volume 3 [49] in February 1865. In this second article,
Odling gave the reasons that led him to adopt Cannizzaro’s atomic weights in 1864,
one of which was the law of Dulong and Petit. At the end of the article, Odling gave
a brief summary of Dumas’s ideas about the atomic weights of elements within
groups and then reprinted his table from the Quarterly Journal with a few modi-
fications (Fig. 6.5). The pertinent text preceding the table is:

“Cassebaum [6] assigned this date for the article by noting that Odling sent Oppenheim a copy of
the galley proofs of his Watts’s Dictionary article on Metals and a reprint of his paper on
Al-triakyls [50] from the “Royal Institution of Great Britain, Weekly Evening Meeting, Friday,
February 3, 1865.” In the Dictionary article, these vapor density determinations are referred to as
“unpublished experiments.” This timing is also consistent with Odling’s statement that his article
in the Quarterly Journal had appeared “a few months back.”
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Fig. 6.5 Table from Watts’s Dictionary [49], p 975. (In Odling’s 1864 table (Fig. 6.4), Mn is
linked by brackets to 4 other transition metals: Fe, Co, Ni, and Cu. Perhaps to save room, Odling
wrote Mn &c in his 1865 table, thus omitting explicit mention of Fe, Co, Ni, and Cu.) Note the
hand corrections of the atomic weights of K (from 3 to 39.1) and Cl (from 3.35 to 35.5). These
values were correct in the galley proof in Fig. 6.6, indicating that the table was reset before the
Dictionary was printed, perhaps because of the addition of the bold lines (Private collection)

Allowing chromium and manganese to stand proxy for the iron metals, and palladium and
platinum for their respective congeners, the following table, slightly modified from one
published by the author a few months back (Quart. Journ. of Science, i, 643) [43], contains
a list of all the well-known elements arranged horizontally in the order of their generally
received groups, and perpendicularly in the order of their several atomic weights.

Odling then summarized many of the arithmetical relationships mentioned in his
1864 article, and ended his article with almost the exact same conclusion as in the
Quarterly Journal article:

Doubtless some of the arithmetical calculations exemplified in the foregoing table are
merely accidental, but, taken altogether, they are too numerous and decided not to depend
upon some hitherto unrecognised general law.

In the proof sheets of Odling’s 1865 Dictionary article [6, 51], Odling’s
description of his table reads as follows:

... a list of all the well-known elements arranged in the order of their generally received
groups, and almest [emphasis added] in the order of their several atomic weights.

The text was corrected by hand to the final form quoted above (Fig. 6.6). Par-
ticularly noteworthy is the deletion of the word “almost,” thus de-emphasizing the
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Fig. 6.6 Galley pages, Warts’s Dictionary [51], pp 975-976 (Courtesy of Humboldt-Universitéit
zu Berlin, University Library, Sammlung Hofmann, 280)

Te-I inversion and instead emphasizing that groups of elements with similar
properties were arranged into horizontal rows in which the atomic weight increased
from left to right.” Another change Odling made at the galley stage, but later than
the galleys shown in Fig. 6.6, was to highlight the central three columns (i.e., what
we might call the original triads) by reinforcing the two vertical lines that border
them (e.g., P-As-Sb; CI-Br-1, etc.).

Two other tables in Odling’s article in Watts’s Dictionary are of interest. The
table given in the “Tetrad Metals” section® (Fig. 6.7) comes after the following text:

SThe reader may be interested in a recent article by Petr A. Druzhinin [52] which used an analysis
of galleys to provide an accurate publication date for Mendeleev’s periodic system of elements.
We thank a reviewer for this reference.

6Monad, dyad, triad, tetrad, pentad, hexad, and heptad refer to the valence in modern
nomenclature. For example, Odling’s tetrad group included C, Si, Sn, Pb, Ti, Zr, Th, and Ta,
and his heptad group included Cl, Br, and 1.
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Monads. Dyads. Triads. Tetrads. Pentads.
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Fig. 6.7 Table from Watts’s Dictionary [49], p 965 (Private collection)
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Fig. 6.8 Table from Warts’s Dictionary [49], p 969 (Private collection)

The tetrad elements agree with those of the monad and dyad groups in being divisible into a
more especially reguline,” and a more especially basylous sub-group, the lower members of
each of which possess the respective distinctive characters of the sub-group in their greatest
intensity. The relations of the first five groups to one another is shown in the following table
[Fig. 6.7]:

The table given in Fig. 6.8 is discussed in the surrounding text:

The succeeding table of chlorides, hydrides, and hydrates is not without interest as
exhibiting the characteristic atomicities of the different groups of elements:

Having regard to the upper line of compounds, carbon may be regarded as placed at the
apex of two converging series of elements of increasing atomicities; while having regard to
the lower line of compounds, it will appear as the middle term of a single series. It is
observable that the atomic weights of carbon and silicon correspond very closely with the
arithmetical means of atomic weights of the elements placed respectively on the same lines
with them, for 88/7 = 12.6 and 201/7 = 28.7.

These comments show that in early 1865 Odling had clearly grasped the division
of the elements into “reguline” (metallic) groups and associated “subgroups.” These
are the A and B groups of later periodic tables, and Odling’s description of this
relationship is more explicit than that given in his 1864 article. In the Watt’s
Dictionary articles Odling has also clearly grasped the relationships between

"“Reguline” metals were those that formed water-stable, insoluble sulfides; as opposed to
“alkaligenous” metals, which did not. “Basylous” substances were more electropositive, as
opposed to “chlorous” substances, which were more electronegative. According to these
classifications, Si, Sn, and Pb were reguline, whereas Ti, Zr, and Th were basylous.
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valence, including maximum valence, and periodicity (although Odling did not use
these terms). The elements TI and Pb are now associated with their modern con-
geners (Fig. 6.6). Although uranium, which appeared in the October 1864 table, is
now absent (compare Figs. 6.4 and 6.5), Pd and Pt are now correctly put together to
represent all platinum metals (Fig. 6.5). In the text of the article Rh is grouped with
Ir, and Ru with Os.

Odling’s comments on indium, an element that had been discovered only two
years before, in 1863, whose atomic weight and valence were still in dispute, are
highly interesting:

Its equivalent weight is about 37 and its atomic weight may accordingly approximate to 37,
74, 111 or 148, &c. Its properties are too imperfectly known to allow of its being referred
satisfactorily to any particular family of elements, but it evidently belongs to the reguline
division of the metals and seems to have much the same relationship to thallium that tin has
to lead.

Odling thus proposed to place a new element into his system by choosing an
atomic weight that put it in a location near to known elements with similar chemical
and physical properties; for indium, however, it was too early to put this proposal
into practice. Only Strecker had previously proposed revising atomic weights so as
to create more regular numerical relations among groups of related elements [53].

6.2.6 1865: A Course of Practical Chemistry, 2nd Edition

Odling’s textbook, A Course of Practical Chemistry, was originally published in
1854. A second edition, published in 1865 [54],8 contained a table (Fig. 6.9) that
was very similar to the table (Fig. 6.5) in the 1865 article in Watts’s Dictionary.
The bold lines emphasizing the triads in Fig. 6.5 receive additional emphasis
through the use of double lines and the label “Triplet Groups.”

If one compares this table to Mendeleev’s 1869 periodic table (Fig. 6.10) [56],
the similarities are obvious, down to the insertion of special symbols (— by Odling
and ? by Mendeleev) for the gaps after Al and Si, and other places. Some differ-
ences are that Odling has Hg and Pb in the same position as do modern periodic
tables whereas Mendeleev does not; that is, in Odling’s table, Hg is grouped with

8 According to Thornton and Wiles [7], the publication history of A Course of Practical Chemistry
is somewhat muddled. It is easy to find the 1st, 2nd, 4th, and 5th editions but there seems to be no
3rd edition. Thornton and Wiles postulated, and it seems the most likely explanation, that as the 1st
edition (1854) was published by Samuel Highley, when the next edition (1863) was published by
Longman it again appeared to be the first (and it was, by this publisher). The 2nd edition published
by Longman appeared in 1865. The next edition, published in 1869, although the third published
by Longmans, was called the 4th, and it seems likely that at this point the error in edition numbers
was rectified to include all editions, irrespective of the publisher. This interpretation is
strengthened by the introduction to the French translation of 1869 [55], in which Odling, in
1868, stated in his Preface that this translation was taken from the third edition. Since this French
translation has the same appendices as the 1865 “2nd” edition, it seems that Odling and the
publishers were already trying to get the edition numbers straightened out.
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ATtomic WeIGHTS AND SyMBOLS.

Triplet Groups
Mo 96 W 184
H 1 — Au 196°5
Pd 1065 Pt 197
Li 7 Na 23 -— Ag 108 —
G 9 Mg 24 Zn 65 Cd 112 Hg 200
B 11 Al 2775 - — Tl 203
C 12 Si 28 — Sn 118 Pb 207
N 14 P 1 As 75 Sb 122 Bi 210
0 16 S 132 Se 795 Te 129
F 19 Cl 355 Br 80 I 127
K 139 Rb8s Cs 133
Ca 40 Sr 875 Ba 137
Ti 48 Zr 89'5 -
Cr 525 — vV 138
Mn 55+ &e. —

Fig. 6.9 Table from the 2nd edition of A Course of Practical Chemistry [54] (Courtesy of
HathiTrust)

Zn, Tl with B, Pb with C; in Mendeleev’s table, Hg is grouped with Cu, Tl with Li,
and Pb with Ca. Mendeleev included 63 elements vs. 45 elements in Odling’s table.

The 1867 Russian translation of Odling’s A Course of Practical Chemistry [57],
which was based on the “second” English edition (1865), plays a role in the priority
dispute, as we will discuss in Sect. 6.2.7. The French translation of 1869 [55] was
also based on this 1865 edition. Two more English editions of Odling’s A Course of
Practical Chemistry were published, in 1869 and 1876 [7]. It is interesting that the
table shown in Fig. 6.9 did not appear in either of these later editions.

6.2.7 1871: A Question of Priority

Rudolph Gerstl was the London correspondent for the Deutsche Chemische
Gesellschaft, and among his duties was reporting on the activities of the Chemical
Society, the Royal Institution, and other similar British organizations. At the end of
his report from January 1871 [58] he referred to Odling’s article on Atomic Weights
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H=1
Be—9,
B=11
C=12
N—=14
0=16
F=19

Li=7 Na-—=23

Ti==50 Zr==90  ?=180.
V=51 Nh =9 1 =159
Cr=52 Mo=96 W=186.

Mn==55 Rh=1044 Pt=—197,

Fe=56 Ru=1044 I[r=198.
Ni=Co=59 = Pl=106,0 0s=199.
Cn=634 Az—108 Hg==200.
Mg=24 Zn=652 Cd—=112
Al=274 ?=68 Ur=116 Au=197?
Si=28 ?=70 Sn=118
P=31 As=75 Sb=122 Bi—210?
$=32 Se=794 Te—128?
Cl=355Br=80 [=127
K=39 Rb=85,4 (s=133 TI=204.
Ca=40 Sr—=87,6 Ba=137 Pb=—=207.
?=45 Ce=92
?Er=56 La—=94
Yt=60 Di=95
?In=75,6 Th=1187

Fig. 6.10 Periodic Table, short-form, from volume 1 of Osnovy Khimii [56] (Private collection)
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in Watts’s Dictionary and claimed that Odling deserved priority for creating a
“natural system of elements.” It is known [59, 60] that Mendeleev by this time was
aware of Odling’s system. As van Spronsen notes:

Mendeleev’s first acquaintance with Odling dates from April 1869, i.e., after Mendeleev
had read his first paper on his system to the Russian Chemical Society in March of 1869. At
the April meeting Savshchenkov, the Russian translator of Odling’s A Course of Practical
Chemistry (1867 ed.) called his attention to Odling’s system, but added the comment that
the composer of the system had not grasped its meaning, upon which Mendeleev remarked
that if Odling had seen its theoretical implications he would no doubt have discussed them.

Savchenkov’s translation had been published in St. Petersburg, the city where
Mendeleev lived, and it contained a version of the table in Fig. 6.9. The implication
is that Mendeleev could have seen Odling’s table at any time in the two years
before he published his own periodic system in 1869.

Mendeleev replied to this challenge immediately [59, 61]:

Perhaps the cause of these misunderstandings lies in an insufficient familiarity with my
detailed papers, or in the coincidence that I gave my system the same designation (natural
system) as that adopted by Odling for his system. It would be more correct to call my
system “periodic,” because it springs from a periodic law, which may be expressed as: “The
measurable chemical and physical properties of the elements and their compounds are a
periodic function of the atomic weight of the elements.”

As far as we know, only once in his career did Odling make a claim for his own
priority in the development of the periodic table. In a lecture to the Royal Institution
on January 19, 1872 [62], he included a table of the elements (Fig. 6.11) and stated:

This Table is based on one published by the author in 1864-5. Similar tables have been
constructed by Newlands, Meyer, Mendelejeff, and others. The positions marked X*, Xb,
and X°, are assigned by Mendelejeff to yttrium, didymium, and cerium, respectively. The
recognition of the atomic weight of uranium as 240, is also due to Mendelejeff.

6.2.8 The End

Odling’s fame faded after he stopped doing original research in the 1870s, and
especially after his death in 1921. As Thornton and Wiles noted in 1956 [7]:

The early life of William Odling was replete with the promise of a brilliant career, and in
fact he achieved both honour and professional recognition during that period. He was
industrious as a lecturer, writer and research worker, but after 1876 his writing appeared to
cease, and an attempt to discover some details concerning his career was unsuccessful until
it was discovered that he survived until 1921, in which year several obituary notices paid
ample justice to his work as a chemist.

William A. Tilden (1842-1926) wrote one of Odling’s obituaries [63], in which
he summarized Odling’s research contributions as follows:

Although it is vain to look in the Royal Society Catalogue of Scientific Papers for out-
standing discoveries the result of experimental work under Odling’s name, it should not be



6 Periodicity in Britain: The Periodic Tables of Odling and Newlands 111

Tapre IIT.—EreMENTS, IN ORDER OF ATomic WEIGHT.*

el el e - el e T ST e
LHL|L 7/Na28 |E 8 | .. |Rbss Ag108 Os 183) ROl
IL |G 9 Mg2s iOa 40 |Zn65| Sr 875 Cd 112 Ba137 RCL,

o AR R N | S qixe In 113 X R QL
IV. [C 12/8i 28 ||Ti 50 | .. || Zr 89 |sn 118 e RCL
Vo N 14!P 8L |V 51 |As75 Nbo4 Sb12| . | ROL
VL 0168 82 |Cr 5258 70| Mos6 |Tel29)| .. | ROCL
VIIL. 19',01 35'5|Mn55 |Br8o| .. (I 127 .. R Cl,
VIIL ‘ Fe 56| .. |[Rulog) .. o IEReE

Co 59} Ro 104lj
1 Ni 59 Pd 106)
Na ! Cu63:5 .. | 47108 :

Fig. 6.11 Table from Odling’s lecture “On the last new metal, indium” [62], p 398 (This image is
taken from the copy Odling sent and inscribed to Cannizzaro. Private collection)

forgotten that he contributed several very important articles on theoretical subjects to
Watts’s “Dictionary,” and among them one on atomic weights, in which he came very near
the discovery of the periodic law now always associated with the name of Mendeléeff.

Although accurate as far as it goes, the single sentence hardly captures the extent
of Odling’s scientific achievements.

6.3 John A. R. Newlands

In some ways, John Alexander Reina Newlands (1838-1898) (Fig. 6.12) and
William Odling were similar: they were both British chemists, and they were even
born in the same London district roughly a decade apart. But that is where their
similarities seem to end. Newlands did not have the status of Odling within the
chemistry community when he began his foray into classifying elements; in fact,
Odling was an officer of the Chemical Society at a time when Newlands failed to
have his classification published in its Journal. Newlands’s engagement with
periodicity was longer than Odling’s, and he was much more adamant about staking
his claim.
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Fig. 6.12 John A.

R. Newlands (Reproduced
courtesy of the Royal Society
of Chemistry)

6.3.1 Biographical Information

Newlands was born in Southwark, London, on November 26, 1837. His parents
were Rev. William Newlands of Glasgow, a minister of the Established Presbyte-
rian Church of Scotland, and Mary Sarah Reina Newlands. John was the third child
of five. The youngest of the family, Benjamin Edward Reina Newlands, was also a
chemist, with whom John worked for many years. John’s interest in chemistry arose
from some lectures at Charing Cross Hospital he attended with a friend. He entered
the Royal College of Chemistry under August Hofmann in 1856. The next year he
became assistant to John Thomas Way, chemist of the Royal Agricultural Society
[64-66].

Newlands left Way to fight for Italian unification under Garibaldi in 1860, and
he saw action outside Capua.” Newlands’s participation in the fight for Italian
unification is sometimes mentioned in discussions of his contributions to the
periodic law. His action in this cause is usually attributed to his Italian descent on
his mother’s side, and his presence in Italy precluded his attending the Karlsruhe
Congress of 1860—although, as Scerri notes, Newlands was not in a position in
which he was likely to have been invited [67]. Newlands’s Italian parentage may
well have been a motivating factor: although his nearest Italian ancestor moved to

Garibaldi’s army fought the forces of the Kingdom of the Two Sicilies (capital Naples), a
monarchy that ruled the southern third of mainland Italy and the island of Sicily. Garibaldi’s
campaign began on the island of Sicily, and it included a few British volunteers even at that early
stage. More British volunteers, including Newlands, joined Garibaldi after his forces crossed to the
mainland. At the siege of Capua, Garibaldi’s army was joined by soldiers of the Kingdom of
Sardinia (capital Turin), under whose monarchy most of Italy was unified in 1860.
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England at least a century earlier, the name Reina was clearly important in the
family.'” Italian heritage was not a prerequisite for sympathy for the Garibaldian
cause, though: many British men and women contributed money and about 1000
men joined his forces [68].

After the Italian campaign, Newlands returned to Way. In 1862, he married
Emily Elizabeth Jane Richings, who was employed in Way’s household. Over the
next decade, the couple had two daughters and a son (who also went into chem-
istry). In 1864, Newlands set up on his own as an analytical chemist in the City. In
the 1860s he taught chemistry at the Grammar School of St. Saviour’s and the City
of London College. During this eventful decade, he published a volume of poetry
[69]. And during the middle years of the 1860s he published several notes on the
classification of elements and relations among the atomic weights, to be treated in
more detail below.

From 1868 to 1886, Newlands was chief chemist at James Duncan’s sugar
refinery at Victoria Docks, which also employed his brother Benjamin. He con-
tinued to teach, at least near the beginning of this period: into the 1870s he taught
elementary chemistry at the Ladies’ Medical College in London and he gave private
lessons in chemical analysis. In 1886 he joined Benjamin as private consulting
chemists. The brothers collaborated with Charles G. Warnford Lock to publish
Sugar: a Handbook for Planters and Refiners in 1888 [70]. He was still attending
meetings of the Chemical Society in what proved to be his last year, participating in
discussions of the papers presented [71]. He died on July 29, 1898, of influenza.

6.3.2 Feb 7, 1863: “On Relations Among the Equivalents”

Newlands’s first article on classifying elements was published in the journal
Chemical News, on February 7, 1863 [72], as a letter titled, “On Relations among
the Equivalents.” Note that when Newlands referred to “equivalents,” he was
essentially referring to atomic weights. Here the values of the equivalents he
employed are similar to those of Wollaston [23]. In later papers, Newlands changed
the set of values he used to the atomic weights based on Cannizzaro’s principles,
but he still used the term equivalent.
In his article, Newlands began thus,

Many chemists, and M. Dumas in particular, have, on several occasions, pointed out some
very interesting relations between the equivalents of bodies belonging to the same natural
family or group; and my present purpose is simply to endeavour to proceed a little further in
the same direction.

Thus Newlands began by pointing out that elements of “natural” groups (which
we can construe as those categorized together on the basis of chemical similarities)

19According to the Wood Family Tree website [65], that ancestor was Peter Anthony Reina, John’s
mother’s grandfather, born in 1725 in Milan. His children were born in or near London. John and
his three brothers were all given the name Reina as a middle name, a practice that persisted in the
family for several generations.
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Member of group having One immediately above
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Fig. 6.13 Table comparing equivalent weights of related elements [72] (Private collection)

are related to one another through their atomic weights as well. Newlands intended
to further develop this insight, which, he noted, was not original with him.

In the meat of the paper, Newlands organized 56 elements into 11 groups, based
on their properties. What he then did, as others had done before him including
Dumas [73] and Dobereiner [39], is look for numerical relationships among the
equivalents of elements in a group. He argued, as can be seen in Fig. 6.13, that the
difference between the equivalent of the lightest element in a group and that of the
next heaviest is a multiple of eight. In the next table he went further and extended
the same observation to the lightest and heaviest elements in a triad.

So what does this mean? It is not clear what Newlands thought the implications
of these mathematical relationships were. Indeed, there is quite a bit of tentativeness
in the letter. The opening sentence quoted above is followed by “I must, however,
premise that many of the observations here collected together are well known
already, and are only embodied in my communication for the purpose of rendering
it more complete.” Furthermore at the end of the article, he wrote, “I also freely
admit that some of the relations above pointed out are more apparent than real;
others, I trust, will prove of a more durable and satisfactory description.”

Newlands eventually was to elaborate the implications of these relations, but
only after being drawn out by another correspondent to the Chemical News.

6.3.3 July 30, 1864: Studiosus and Newlands’s Rebuttal

On July 2, 1864, almost a year and a half after Newlands’s letter appeared, the
Chemical News published a short note titled, “Numerical Relations of Equivalent
Numbers” [74] by someone using the pseudonym “‘Studiosus,” which is Latin for
student. Studiosus did not reference Newlands’s work, but he made a claim about a
mathematical relationship among the atomic weights. He wrote, “the atomic
weights of the elementary bodies are, with few exceptions, either exactly or very
nearly multiples of eight.” As evidence, he provided a chart (Fig. 6.14), which
contains 40 elements whose atomic weights are (roughly) multiples of eight. This is
the paper that prompted Newlands to revisit and rework his ordering of the
elements.



6 Periodicity in Britain: The Periodic Tables of Odling and Newlands 115

| UHE—p AR : ; : . ‘ i U8

O=16; N=14. ; X : : . 16=8x 2
Mg=24; Na=23. ‘ A ’ ‘ . 24=8x 3
=a0a P — 31y 5 ; : ] I8k g
o5 —120 : : : £ S0 =B c
Ti = 350 . { : ; . . . 48=8x 6
Ni=58:5; Co=58:5; Mn=155; Fei= 56/2 156 —="=28%"v
(L1_63_.,,An_03,*1_~64. . ; f G ERIR BN 'S
Se=179'5; Br=i80, . ; ) . 80=28x 10
ZTi—BG Y5 iss SI=E SIaEi ! ‘ - 88 =13l
Mo = 96; Di=gb . . ; . g6 =28 X 12
Ru=lo4, Ro=104 . : . . . 104 =28 x 13
Cd =112 . ’ - s ! ViExy 2 —i8 % i1l
Sl1=118;U_—_Izo;Sb=lzz . : . 120—=28x 15

Te=129; I =127 ‘ : 3 { . 128 =8 x 16
Ta — 31383 N — 137 Ba—tige e : s ag6l— 817

W —182 . : ‘ ! ; . 184 =38« 23
.()Julgg, II{*—ﬂoo . . : : . 200 =—(8 /25
1b~—207,131=210 ¢ . ; ’ . 2e8i=—LRiXi20
'111~—238 t - ; : . ‘ . 240= 8§ x 30

Fig. 6.14 Table illustrating elements having atomic weights close to multiples of eight according
to Studiosus [74] (Private collection)

By the end of July, Newlands’s rebuttal was published. In a long letter titled,
“Relations between Equivalents” [47], Newlands made three main assertions. One,
that Studiosus was wrong; two, that Newlands got there first; and three, that there
are indeed patterns in the atomic weights, but not the one Studiosus found. On the
first count, that Studiosus was wrong, Newlands provided a table, Fig. 6.15, in
which he arranged the elements in order of increasing atomic weight, with the
atomic weights listed in the second column, and the differences in atomic weights
provided in the third column. About this table, Newlands wrote, “Now, it will be
observed that in all the above differences the number eight occurs but once, and we
never meet with a multiple of eight.” Newlands argued that if all of the atomic
weights were multiples of eight, then their differences would also be multiples of
eight. Since that is not true, the “Law of Studiosus,” as he called it, must be false.
Newlands noted that the atomic weights used here were based on those reported
recently by Alexander Williamson, which were in turn based on the principles set
forth by Cannizzaro. Newlands did not state that many of the atomic weights he
used in this letter were different from those he had used in his previous letter. Many
in the 1864 letter were double those he had used the year before, and thus close to
values still accepted in the twenty-first century.
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Fig. 6.15 Table of elements in order of atomic weight [47] (Private collection)

Newlands then segued into his own ideas, providing a table (Fig. 6.16) which
highlights certain patterns in atomic weights, and seems to argue that the atomic
weights follow mathematical patterns. Note that group III has a gap between Si and
Sn, about which he wrote “Silicon and tin stand to each other as the extremities of a
triad. Titanium is usually classed along with them, and occupies a position

| Triad.
s s P =3
.= = '= 2 4
1 8g | g2
| £s g | &2
| = i = | =t
| i i - ; |
. Ti 9/417 =Mg 24 Zn 65 Cd 112
1L B 11 v | | Au 196
T11.) C 12/416 =8Si 28 1| Sn 118
& STV N 14/+17 =P 31 [Asy; Sb 122 488=Bi 210
&8 O 16(4+16 =3 32 (Se 79’5 Te 129 +70=0s 199

VI F 19 +16'5=Cl 35'5Br8 I 127
VII. Li 7 +16=Na 23[4—16 =K 39 |Rb8s Cs 133 4+70=TIl 203
VIII. Li 7 +17=DMg24 +16 =Ca 40 |Sr 87'5s Ba 137 +70=PDb 207
IX. Mo ¢6 |V 137 W 184
X. Pd 1055 Pt 197

Fig. 6.16 Table illustrating some groups of elements and relations between their atomic weights
[47] (Private collection)
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intermediate between silicon and the central term or mean of the triad, which is at
present wanting.” That is, the middle element of a triad containing silicon and tin
ought to have an atomic weight of 73 and it was not yet known (“wanting”). More
than 20 years later, after the discovery of germanium, Newlands pointed to this
passage as a prediction [75]. Like Odling’s predictions mentioned above, this
prediction was based on a periodic system, albeit a partial one. As we will see, gaps
for undiscovered elements disappeared and reappeared from Newlands’s systems
over the next decade or so.

6.3.4 Aug 20, 1864: Response from Studiosus
and New Observations by Newlands

The August 20, 1864, issue of the Chemical News contained both a response from
Studiosus [76] and new observations from Newlands in two short letters [77, 78].
Studiosus wrote, “Few would call chemistry a mathematical science; and, such
being the case, I appeal against its being treated mathematically, as it was by Mr.
Newlands in your impression of the 30th [last month].” Studiosus argued that one
must “[grant] necessarily some amount of latitude (for atomic weights being merely
results of experiment, and not mathematical, are therefore subject to error), ...”
Thus Studiosus attributed numerical irregularities to experimental error, retreating
from his early assertion of rigid regularity. We will return to this point.
Newlands’s letters in this issue are much more interesting. In the first [77]
periodicity can be seen—not just patterns within groups, but actual periodicity of
groups among a large number of elements considered together. He began thus

In addition to the facts stated in my late communication, may I be permitted to observe that
if the elements are arranged in the order of their equivalents, calling hydrogen 1, lithium 2,
glucinum [beryllium] 3, boron 4, and so on ... it will be observed that elements having
consecutive numbers frequently either belong to the same group or occupy similar positions
in different groups, ...

He illustrated with a table, Fig. 6.17.

In this table, he was no longer looking at numerical relationships among atomic
weights; instead he was just looking at the elements’ order. He wrote “Here the
difference between the number of the lowest member of a group and that

| ’ ;
'5 No. No. | !No. No.] No.
Group ¢. . . o N 6P |13 |As|26|8b| 40 |Bi|s4
5ol : B o) 718 |14 (Se |27 |Te |42 |0s |50
O : s L it |Cl [15 | Br |28 |I |41/ —]—
B o0 : . [Na| g|K |16 |Rb| 29 |[Cs |43 [Tl | 52
s P : . Mgl 10! Ca 17 | 8r [ 30 | Ba | 44 ! Pb | 53

Fig. 6.17 Table illustrating periodicity among 24 elements [77] (Private collection)
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immediately above it is 7; in other words, the eighth element starting from a given
one is a kind of repetition of the first, like the eighth note of an octave in music.”
This is the first instance of what he later called “the law of octaves.” As the table
illustrates, phosphorus is seven elements away from nitrogen, sulfur is seven ele-
ments away from oxygen, chlorine seven from fluorine, etc. Moving to the right,
arsenic is 13 elements away from phosphorus, and antimony 14 away from arsenic.
Selenium is 13 elements away from sulfur, and tellurium 15 away from selenium,
and so on. Thus periodicity can be seen among many of the elements, but not
yet all.

In a separate short note [78], Newlands responded to another pseudonymous
correspondent, “Inquirer,” who had wished for an estimate of the atomic weight of
the recently discovered element indium. What is noteworthy about the response is
not that his guess, 182, was wrong, but rather that it was based on analogies and
groups. His arrangement of elements, then, had some potential as a research tool.

These letters generated some further correspondence. On September 3, John
Noble of the Royal Arsenal General School in Woolwich had a letter published in
the Chemical News titled, “Numerical Relations of Equivalent Numbers” [79].
Noble took both Studiosus and Newlands to task. He started with Studiosus:

I protest against the use of the term “law” when applied to a few cases of mathematical
relation between atomic numbers. If there really be such a law as the “law of Studiosus”
(how it sounds!)—namely, that the atomic numbers are multiples of 8—then the agree-
ments should be many and the exceptions few.

Noble pointed out the numerous exceptions to the “law of Studiosus.” Then
turning to Newlands, he wrote

It is only fair, however, to point out that what ought to be condemned, and what Mr.
Newlands himself does condemn—namely, approximations and allowances—are just the
means which Mr. Newlands, to a large extent, employs in his own tables of “relations™ ...

In his final paragraph, Noble expressed general skepticism over the project of
relations among atomic weights: “The fact is, there has been a great deal of non-
sense written about these ‘laws’ and ‘relations.” (But then you know, Mr. Editor, it
is much easier to sit down and make laws for these numbers than to verify the
numbers themselves.)” Noble argued that most relations were “rubbish” and merely
the result of random chance.

On September 24, Chemical News published a rebuttal from “Inquirer” entitled,
“Numerical Relations of Equivalents” [80]. Inquirer agreed that Studiosus’s law is
indeed easily disproved, but he argued that discarding Newlands’s work along with
that of Studiosus would be a mistake. He placed Newlands in the company of
well-known and respected chemists, including Dumas, who also made use of
“approximations and allowances.” Inquirer completed his article thus:

Mr. Noble is of opinion that it is much easier to find laws for the equivalent numbers than to
verify the equivalents experimentally; but really the two things have no more connection
than “chalk and cheese.” For my own part, if any comparison be advisable, I could mention
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a hundred chemists who either have verified, or are fully capable of verifying, an ordinary
equivalent; but I do not know a single chemist who can thoroughly exhibit all the relations
among the atomic weights, still less one who can explain why and wherefore such relations
exist.

6.3.5 August 1865: The Law of Octaves and More
Relations Among the Equivalents

About a year later, on August 18, 1865, Newlands had another letter published in
the Chemical News, this one titled “On the Law of Octaves” [81]. Here he provided
a table of all the elements for which atomic weights were known (Fig. 6.18) and
wrote, “This peculiar relationship I propose to provisionally term the ‘Law of
Octaves.”” The numbers shown in the table are not atomic weights, but ordinal
numbers of the elements when placed in order of atomic weight. When the atomic
weights of two elements were the same or very close, Newlands assigned both
elements to the same ordinal number; six pairs of elements were thus doubled up,
resulting in 62 elements occupying 56 places. The elements are arranged in order of
atomic weight with a few exceptions. In the first of these, the heavier tellurium
(number 43) precedes the lighter iodine (42)—an inversion that made good
chemical sense, and which Newlands had made in earlier papers as well [47, 77].
The heaviest elements in Newlands’s table are more out of atomic-weight order
than in order.

In the next issue, published on August 25, 1865, another letter from Newlands
appeared, “On the Cause of Numerical Relations among the Equivalents™ [82]. He
began

By way of addition to my last letter, I will, with your permission, endeavour to show that all
the numerical relations among the equivalents pointed out by M. Dumas and others,
including the well-known triads, are merely arithmetical results flowing from the existence
of the “law of octaves” ...

No. No. No. No. No. No. No. No.
H 11F 8/Cl 15 Co& Nizz|Br 29 Pd 36| I 42| Pt & Ir 50
Li2 Na ¢g/K 16/Cu 23| Rb 30 Ag 37|Cs 44 T1 53
G 3 Mg 10/ Ca 17/ Zn 25| Br 31, Bd 38| Ba&V 45 b 54
Bog4| Al 11/Cr 19|Y 24 Ce&La33 U 40/ Ta 46 Th 56
C s8Si 12{Ti 18 In 26, Zr 32| Sn 39| W 47| Hg 52

N 6 P 13|Mn 20 As 27| Di&Mo 34/ Sb 41| Nb 48 Bi 55
0O 718 14|/Fe 21 Se 28 Ro& Ruis Te 43| Au 49 Os 51

(Nore.—Where two elements happen to have the same equivalent,
both are designated by the same number.)

Fig. 6.18 Table illustrating periodicity among 62 elements [81] (Private collection)
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Cr .19 . 52°5 2963 W - gy sS4 gt
Mn . 20 55 2°75 . Nb 5 45 S 4'062
Fe o 20 56 2°667 | Au..; .49 san6 4

Co s 22 585 2°659 | Pt 50 T O 3°94
Coc.. 23 63°5 2°761 | Os . 5T X99 3902
Yt . 24 64 2°667 | Hg < B2 a0 3846
Zn . 25 65 26 T1 ~53 203 3'83
In o 2D 72 2'769 P!.) . 54 207 3°833
As. . a7y 2°778 | Bi .55 210 3°818
Se o 28 79°5 2839 | Th + 56 238 42§

Fig. 6.19 Table illustrating that the ratio of atomic weight to ordinal number increases with
increasing atomic weight [82] (Private collection)

He then provided a table (Fig. 6.19) that shows the element, the element’s
“number,” that is, its numerical order, the element’s atomic weight, and the ele-
ment’s atomic weight divided by its number.

Newlands observed, “It will be seen that the number of an element is nearly
equal to its equivalent divided by a certain sum, which varies, however, as we
ascend the scale, ...” He then provided another table (Fig. 6.20) summarizing the
gradual increase in the ratio.

Because the atomic weights increase with some average regularity, Newlands
argued, “if the number of one element is the mean of those of two others ... its
equivalent will also be the mean of their equivalents.” In effect, Newlands main-
tained that periodicity underlies the numerical relations among the atomic weights
of related elements.
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From 4 to 17, the No. =Eq. = 2°3
From 18 to 34, the No. =Eq. = 2°75
From 35 to 46, the No. =Eq. =+ 3
From 47 to 56, the No. = Eq. + 4

Fig. 6.20 Table illustrating ranges of the ratio of atomic weight to ordinal number [82] (Private
collection)

Table II.—Elements arranged tn Octaves.

No. No.! No. No. No. No. No. - No.
H1F 8i01 15(Co c‘L Nizz Br 29/Pd 361 4zJPb & Ir 50
Li2Na 9K . 16{Cu 23| Rb 30|Ag  37/Cs 44|Os 51
G 3 Mg IoiCa, mlZn | 24/t 311Cd  38/Ba & V 45 Hg 52
Bog 5&1 19/Y U 40|Ta 46 Tl 53
C 58 12 ’1‘ 18(In 26 Zr 32/{Sn  39|W 47 Pb 54
N 6P 13Mn 20As z7fD1&Mo Sb  41|Nb 48 Bi 55
O 7S 14/Fe 21(Se 28/Ro & Ru;s Te 43|Au 49 Th 56

Fig. 6.21 Table illustrating periodicity among 62 elements [83] (Private collection)

6.3.6 March 1866: The Law of Octaves and the Chemical
Society

On March 1, 1866, Newlands presented his law of octaves to the Chemical Society,
and he seems to have been met only with detractors, or at least only the detractors
were recorded. A report of the presentation, which was published in the March 9
issue of the Chemical News, outlines Newlands’s “law of octaves” as well as the
critiques it received [83]. The arrangement of the elements (Fig. 6.21) differs little
from the one published in August 1865 except in the last column. There the
heaviest elements appear in order according to the atomic weights Newlands had,
an arrangement that moved thallium and lead into the groups headed by boron and
carbon, respectively.

This improvement is similar to that noted for Odling between his tables in the
Quarterly Journal [43] and in Watts’s Dictionary [49] (see Sect. 6.2.5). It is not
known whether Newlands was aware of Odling’s work in classification, although it
is certain that the men knew each other from meetings at the Chemical Society
[84]."" Odling may well have been present at this March 1 meeting: the Chemical
News reported that “the Secretary” read an abstract of a paper by C. R. Wright, and

"For example, comments are recorded from both Newlands and Odling about the same
presentation at the Chemical Society meeting of December 15, 1864 [84].
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Odling was one of the Society’s two secretaries at the time. At any rate, Odling was
not reported as commenting on any of the papers read at this session.

The Chemical News report stated, “Dr. Gladstone made objection on the score of
its having been assumed that no elements remain to be discovered.” Gladstone’s
comment makes it apparent that Newlands’s thinking no longer included deliberate
gaps for undiscovered elements, as it had in 1864 [47].

The report also noted “Professor G. F. Foster [sic, for George Carey Foster]
humorously inquired of Mr. Newlands whether he had ever examined the elements
according to the order of their initial letters. For he believed that any arrangement
would present occasional coincidences, ...” These few words are apparently all the
license needed for James Cameron to report, nearly a century later and employing
more imagination than references, that the paper was received with “hilarious,
uproarious laughter” [85].

Newlands published a response to these critiques in the next issue of the
Chemical News (March 16) [86]. In response to Foster’s objection that periodicity
might be a coincidence, Newlands wrote that “the coincidences which I have
pointed out are the rule, and not the exception.”

In response to Gladstone’s critique referring to the discovery of new elements,
Newlands argued that new elements could certainly be discovered, but he was
certain that his “law” would hold, even if, the periodicity occurred every 9 or 10
elements rather than every 8. Indeed, this explanation would be valid in case of the
discovery of new families of elements, as happened near the end of the century with
the discovery of the noble gases. Gladstone’s objection was valid, however, in the
case of piecemeal discoveries of elements, and most of the elements discovered in
recorded history came in a piecemeal manner.

Even after Newlands’s response, however, the law of octaves did not catch on.
The Chemical Society did not publish his paper, but the other three papers read at
the March 1 meeting appeared in volume 19 of the Society’s Journal. Inquirer’s
endorsement of Newlands’s efforts in 1864 seems to stand alone, however, at least
before Mendeleev published his own table.

6.3.7 The Afterlife of the Law of Octaves

Although the basis of his claims for priority in the discovery of chemical periodicity
lie in his work of the 1860s, Newlands continued to think about the classification of
elements in the early 1870s, before the periodic law had gained widespread
attention among chemists. The publications of Mendeleev and Meyer on chemical
periodicity in 1869 and the early 1870s were neither unknown nor ignored; how-
ever, they prompted very few publications by other chemists before the discovery
of gallium in 1875 [87].

Earlier in 1875, Newlands published a paper on relations among the atomic
weights that included a table (Fig. 6.22) showing seven-element periods (as in his
law of octaves) as well as blank spaces and only one element per position [88]. The
gaps present in his 1864 arrangement [47] and absent from his 1866 law of octaves
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1 2 3 4 5 6 7 8
a. — Li 70 Naz2350 K 391 — Cu 63’4 Rb 85 '4 —
b. — Be 94 Mg240 Ca guo — Zn 652 Sr 8- —
¢c. — B 1o Al 2774 — Fe 560 — Y 83 nlf] —
d,. — C 1220 Si 280 Ti 500 — — Zr 856 Rh 1043
e.. — Nigo P 310 V sr2 —  Asyso Nbogyo Ruroyy
fo — 0O 160 S 320 Cr 522 Nis83 Se 794 Mogvo Pd 10006
g. Hx F 190 Cl 355 Mnsso Cos83 DBrseo — —
9 10 I 12 13 T 14 15 16
Ag 1080 Cs 1330 — - Au 197'0 — —_ —
Cd 11220 Ba13yo0 — —_ Hg2000 — —
In 11374 Dii3s oL?]— Er :,80(3} — Tl 2036 — —
Su 1180 Cerjoo(?)— La 1800(?) Pt 197'4 Pb 2070 — Thaise
Sb 1220 — — Ta 1320 Ir 1930 Bizlo0 — -
Te 1250 — — Wi8yo Osigy2 — — U 2400
I 1270 — — — — — — —

Fig. 6.22 Table illustrating periodicity among 63 elements [88]. In the original, all 16 columns
were arranged side by side; the table has been broken into two stacked sections here (Courtesy of
HathiTrust)

[83] have returned. Newlands speculated that the blank spaces might eventually be
occupied by elements not yet discovered or by known elements whose atomic
weights required adjustment. Each row in this 1875 table placed together elements
whose usual valence (“quantivalence” in the usage of the day) changed regularly: 1
for a, 2 for b, 3 for c, 4 for d, 3 (or 5) for e, 2 (or 6) for f, 1 (or 7) for g. Although he
did not emphasize the fact, valence gave a good justification for the existence of
seven groups, and it made for better groupings—at least among elements we would
assign today to main groups. This paper illustrates that Newlands had not stopped
thinking about systematizing the elements or exploring relationships among their
atomic weights, and that his thought continued to evolve. Of course he was well
aware of the work done by Mendeleev and Meyer in this area, and this paper
included a reference to his earlier notes on the law of octaves and a claim of
priority.

Newlands had already claimed priority for his law of octaves as early as 1873 at
a meeting of the Chemical Society. There he read a short note calling attention to an
abstract by Meyer that referred to the periodical arrangement of elements by
Mendeleev. The abstract had been published in a recent number of the Society’s
Journal. Newlands called attention to his 1866 presentation before the Society,
which was not published in its Journal, and he requested “as a simple matter of
justice, the insertion of this brief note in the Society’s Journal.” The President of
the Society, who in 1873 was none other than Odling, said that the reason the paper
had not been printed was because “they had made it a rule not to publish papers of a
purely theoretical nature, since it was likely to lead to correspondence of a
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Fig. 6.23 Title page of Newlands’s 1884 monograph On the Discovery of the Periodic Law and
on Relations among the Atomic Weights with inscription on facing page (Private collection)

controversial nature” [89].'? Newlands’s 1873 note did not appear in the Society’s
journal. A year earlier, Newlands had noted the attention given at the time to the
atomic weights of Cannizzaro in unnamed papers at home and abroad, and he drew
attention to the fact that only the atomic weights of Cannizzaro worked as an
ordering principle for his law of octaves [90].

The first assertion of Newlands’s priority to appear in the Journal of the
Chemical Society was a comment inserted by a young abstractor, Maurice Licht-
enstein in the April 1876 issue. That issue carried several abstracts of papers on
gallium, including one by Mendeleev, in which he drew attention to the likelihood
that gallium was his predicted eka-aluminium. Immediately following the abstract
was printed “Note by Abstractor.—The periodic law was first enunciated in 1864
by J. Newlands (Chem. News, x, 59, 94)” [91].

After the Royal Society recognized Mendeleev and Meyer with the Davy Medal
(in 1882), Newlands collected his writings on the classification of elements and
published them in a short monograph (Fig. 6.23), On the Discovery of the Periodic

20dling was in a position to know the practices of the journal. He served on a four-person
committee of publication from 1862 to 1865. He was not on the committee in 1866, the year
Newlands presented to the Society on the law of octaves. He returned to the committee in 1870,
and he served on an expanded committee of publication into 1877.
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Law and on Relations among the Atomic Weights (1884) [92]. In 1887 the Royal
Society recognized Newlands by awarding him the Davy Medal.

By the time they received the Davy Medal, both Mendeleev and Meyer were
aware of priority claims made by Newlands or on his behalf [93, 94]. Signs of
recognition of Newlands’s priority could be seen in at least some areas of the
British scientific establishment from the early 1880s. Addresses by presidents of the
British Association for the Advancement of Science or its chemical section that
mentioned the periodic law began to acknowledge Newlands’s priority; the first that
we could find was Sir John Lubbock’s inaugural address at the 1881 meeting [95].
In the Chemical News, short reviews of books that treated the periodic law often
mentioned whether or not the author acknowledged Newlands’s work on the
subject to the extent the reviewer considered appropriate. This practice began
shortly before [96]. Newlands’s own book was published and reviewed [97] in the
Chemical News.

6.4 Conclusions

It is natural, particularly for chemists curious about the development of their dis-
cipline, to wonder who was the first to formulate the periodic law: Odling? New-
lands? Someone else? After all, priority, awards, and competition are very much a
part of the culture of science, both now in the early twenty-first century and in the
nineteenth century when Newlands asserted his priority and received the Davy
medal. Attempting to answer questions such as who discovered the periodic law
leads one into historical and philosophical difficulties, including drawing arbitrary
lines around the essence of the discovery. See Michael Gordin’s article on the role
of writing textbooks in the development of Mendeleev’s and Meyer’s periodic
systems for more on problems of attempting to adjudicate questions of priority in
scientific discovery [98]."% Regardless of any conclusions we come to about pri-
ority, we believe that looking into the classifications of elements prepared by
Newlands and Odling and other chemists of the 1860s reinforces the widely
accepted view that the periodic law is a classic example of multiple independent
discovery [99, 100].

The ordering of pairs of analogous elements in particular shows that Odling
already held the key to the periodic table in his hands in 1864 when he wrote “On
the Proportional Numbers of the Elements” for the Quarterly Journal of Science
[43]. Exactly when in 1864 he developed his insight is difficult to pin down further:
the paper appeared in the October issue and no date is given for receipt or com-
position of the article.

3Gordin’s article prompts us to wonder whether pedagogical considerations were present in the
minds of the subjects of this chapter. As has already been noted, one of Odling’s classifications
appeared in his textbook. Newlands published no textbooks, but he was engaged in teaching
chemistry during the same years when he developed the law of octaves. But the role of pedagogy,
if any, in the classifications of either Odling or Newlands is purely speculative.



126 C. J. Giunta et al.

The contributions of Newlands are easier to date, for the Chemical News was a
weekly. Moreover, most of Newlands’s contributions were in the form of letters
that included a date. Using old equivalent weights, Newlands stated in 1863 [72]
that the difference between the first and second members of the family of analogous
elements is always about 8 or 16. Thus he saw a similar pattern of atomic weight
progression in different groups, but no larger pattern and no ordering by atomic
weight—which would not have yielded insights in any event from the set of atomic
weights employed. In his letters in the summer of 1864, though, we see the
foundations of a periodic classification (although not yet one that extended to all the
elements): ordering by atomic weight and recurrence of chemical similarities at
approximately regular intervals. These key letters were published on 30 July [47]
and 20 August [77] 1864 and they were dated 12 July and 8 August, respectively.
Was this before Odling wrote his paper? Could Odling have seen these letters
before writing his paper? We do not know. We know that Newlands’s 1864 letters
were in print before Odling’s article. And we know (see below) that in the 1870s
Odling acknowledged Newlands’s priority. In any event, though, Odling devised a
comprehensive periodic system before Newlands did, for Newlands’s system did
not extend to all known elements until 1865 [81].

On the other hand, Odling and Newlands were almost certainly unaware of
Meyer’s book Die modernen Theorien der Chemie when they published their
articles in 1864. Odling’s article came out in October 186414; Meyer had submitted
his manuscript for Modernen Theorien to his publisher in June 1864 [101] and
some time must have elapsed before it was printed. Further evidence comes from
the German edition of Odling’s Manual, which in 1864 was being translated by
Alphons Oppenheim (1833-1877) [6]. On November 14, 1864, Oppenheim wrote
in the foreword to the German edition [102]: “Lothar Meyer’s text on modern
theories ... became known to me only after completing this adaptation.” It seems
reasonable to assume that Odling became aware of Meyer’s text at the same time.

And then there is Alexandre-Emile Béguyer de Chancourtois, who published an
arrangement of the elements that featured ordering by atomic weight and recurrence
of similarities at approximately regular intervals in 1862 and 1863, earlier than
either Newlands or Odling [103]. His arrangement, called the vis tellurique, was
little known and certainly not useful to chemists of the time.'> And while the same
can be said of the arrangements of Newlands and Odling, theirs (unlike the vis
tellurique) resembled in important ways the arrangements of Mendeleev and Meyer
that other chemists did find useful.

Whether or not Newlands and Odling were acquainted with each others’ clas-
sifications of elements before they published their own, they were connected at least
from the 1870s and later when Newlands pressed his claims for priority. As already
noted, Odling was the President of the Chemical Society in 1873 when Newlands
asked the Society to publish a short note about his priority claim in its journal [89].
In 1877, in a lecture on gallium to the British Association, Odling stated,

14See Chapters 8 and 9 of this volume for more on Meyer and his Modernen Theorien.
3See Chapter 5 of this volume for more on Béguyer de Chancourtois and his vis tellurique.
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“Mr. Newlands was the first chemist to arrange the elements in such a seriation that
new ones might be predicted to exist where certain gaps are observed in the seri-
ation of atomic weights” [104]. In this way, he acknowledged Newlands’s priority,
and on this occasion did not mention his own contemporary work in arranging
elements. And Newlands in turn quoted this acknowledgment in his monograph
about his work on the periodic law [105].

Neither Odling nor Newlands had an audience who developed their ideas, which
were not enthusiastically received. Why did their systems not take hold? Gordin
suggested that we take seriously the reason given in 1873 for the Chemical Soci-
ety’s not having published Newlands’s paper on the law of octaves in 1866: that it
was too theoretical. Gordin argued that Foster’s question at Newlands’s presenta-
tion was motivated by a judgment that Newlands’s order numbers were too far
removed from empirical chemical data [106]. Whereas a twenty-first-century che-
mist might look back at Newlands’s use of order numbers instead of atomic weights
as an insightful substitution of a regularly varying quantity for a “noisy” one, a
nineteenth-century chemist might well find such a substitution unwarranted and
Newlands’s justification of it unconvincing. Odling’s classifications were more
closely tied to empirical data than the law of octaves, though, but they similarly
failed to take root.

When chemical periodicity claimed the attention of chemists, Odling rarely
mentioned his own work on the subject, while Newlands pressed for recognition.
Today, neither Newlands nor Odling is a household name—or rather a laboratory
name—among chemists. It is often a matter of controversy who should be regarded
as the discoverer of a natural law, a person who publishes first and thus clearly has
priority [107-109], or a person who later finds the same object independently,
pronounces it more clearly, recognizes its meaning better and uses broad, effective
language. Application and propagation provide recognition. For the periodic table,
a case could be made that Odling and Newlands, among others, fall in the first
category, whereas Mendeleev falls in the latter. But we should not forget the
predecessors.
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In this paper, I analyze the efforts of the German-American chemist Gustavus
Detlef Hinrichs (1836-1923) to construct a periodic system between 1867 and
1869. Included is a transcription and translation into English of major sections of
his Programme der Atomechanik (1867), and a discussion of Hinrichs’s
“pantatom” theory of matter. My principal conclusions are: (1) Hinrichs’s chart
of 1867 is actually a double spiral that begins in a clockwise fashion but then
reverses direction and continues in a counterclockwise direction, (2) the nitrogen
and oxygen groups are swapped because Hinrichs felt that that order resulted in
more consistent trends in the stoichiometries of the highest oxides, (3) in his
chart the trigonoids and tetragonoids each subtend one-third of a circle, and the
spokes are arranged so that the maximal valences of the elements increase from
right to left, (4) Hinrichs devised an ingenious theory to account for
isomorphism, (5) the transition elements in Hinrichs’s 1869 table are listed in
reverse order for the same reason that the spiral in his 1867 chart reverses
direction, (6) the transition elements in the 1869 system are arranged in a slanted
fashion to reflect their relative atomic weights, whereas other elements are not
arranged in this way, possibly owing to a printer’s omission, (7) Hinrichs was
the first to point out that one advantage of the “long” form periodic tables is that
the metals and non-metals can be separated by a single line, and (8) simulta-
neously with Meyer and Mendeleev, Hinrichs also pointed out the periodic
relationship of atomic volume to atomic weight, but only in his oral presentation
to the AAAS meeting of August 1869.
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7.1 Introduction

Of the pre-Mendeleev attempts to construct a periodic system, by far the most
puzzling and least understood are those of the German-American chemist and
polymath Gustavus Hinrichs. Hinrichs’s first system, published in 1867 [1, 2], is
summarized in a two-dimensional graph in which related elements (such as the
halogens) are arranged on spokes radiating from a central point, elements with
larger atomic weights being located farther from the center. In 1869, Hinrichs
published two new charts of his system, in which the elements are arranged in
tables rather than a graph [3-5].

Over the years [6—10], scholars have discussed Hinrichs’s periodic systems1 [11]
and compared his achievements with those of others who proposed periodic sys-
tems in the 1860s, such as Alexandre-Emile Béguyer de Chancourtois (1820-
1886), William Odling (1829-1921), John A. R. Newlands (1837-1898), Lothar
Meyer (1830-1895), and of course Dmitri Mendeleev (1834—1907).2 But many
aspects of Hinrichs’s periodic systems have remained puzzling even today.

In this paper, after a short biography of Hinrichs, I will offer some new insights
into why Hinrichs constructed his periodic systems the way he did. Specifically, I
will address the following questions:

Are the dotted arcs in the 1867 chart circular or spiral?

Why are the nitrogen and oxygen groups in the 1867 chart out of order?

Why are the radial spokes in the 1867 chart located where they are?

Why are the transition elements in the 1869 chart listed in reverse order and
arranged in slanted columns?

e What are Hinrichs’s ideas about how the periodic table gives insights into iso-
morphism, the relation between metals and non-metals, and atomic volumes?

7.2 Short Biography of Gustavus Detlef Hinrichs

Several articles [6, 8, 12], books [13, 14], and a thesis [15] give much information
about Hinrichs’s life and accomplishments; a list of his publications has also been
compiled [16]. Many of Hinrichs’s original publications, and documents about him,
can be found today at the University of lowa [17]. In addition, Hinrichs’s personal
papers are located at the University of Illinois, having been deposited there by one

'T will refer to Hinrichs’s classification schemes as “periodic systems” because the elements are
arranged (mostly) according to increasing atomic weight, and elements with analogous properties
are arranged in the same group. I use the word “mostly” in this definition because even modern
periodic systems reverse the order of Ni and Co, and Te and I. For discussions of the definition of
the term “periodic system” see [10] and [11].

2Other chapters in this volume contain discussions of the classification schemes of Béguyer de
Chancourtois (5), Odling & Newlands (6), Meyer (8 and 9), and Dmitri Mendeleev (1).
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of his grandsons between 1959 and 1964 [18]. Here I will briefly summarize some
of the details available in these sources.

Gustavus Detlef Hinrichs (Figs. 7.1 and 7.2) was born on 2 December 1836 in
the town of Lunden in the Holstein (i.e., southern) portion of the Jutland peninsula.
Lunden was then part of Denmark but today is in Germany, about 50 km south of
the Denmark-Germany border. He was the third of six sons of Johann Detlef
Hinrichs (b. ca. 1802), a musician; Hinrichs’s mother, Carolina Cathrina Elisabeth
von Andersen (b. 4 October 1809), was the daughter of an artillery captain. In
1850, at the age of 13, Gustavus ran away from home to participate in the
Schleswig-Holstein War, the unsuccessful first rebellion of ethnic Germans to
achieve the secession of Holstein (and the adjacent state of Schleswig) from
Denmark to the German Confederation. In July of that year, he took part in the
battle at Idstedt as a uniformed drummer boy. He returned to Lunden in 1853 after
hostilities ended, and shortly thereafter he enrolled in the Polytechnic School of the
University of Copenhagen, where he completed the regular course of studies in
1856. He continued at the University for advanced work in mathematics, physics,
and chemistry.

While at the University, Hinrichs earned money as a private instructor of stu-
dents. In 1856 he wrote his first book, Die electromagnetische Telegraphie, and in
1860 he passed the exam at the University of Copenhagen for the Candidatus
mathematicus degree,” equivalent to a master’s degree. At Copenhagen, he had
been particularly influenced by the Danish biologist Daniel Frederik Eschricht
(1798-1863) and the meteorologist and geologist Johan Georg Forchhammer
(1795-1865). In April 1861 he married Auguste Margaretha Friederike Springer
(1839-1865), and in May-July 1861 he immigrated to the United States with his
new wife, most likely to avoid service in the Danish military.

In 1861 Hinrichs settled in Davenport, Iowa,® where initially he taught high
school. In 1862 he was appointed Professor of Modern Languages at the University
of Iowa in Iowa City (he was fluent in Danish, French, German, Italian, and
English, and knew some Greek and Latin), and in the next year he was appointed
Professor of Natural Philosophy and Chemistry at that same institution, giving up
his former title. Hinrichs’s first wife died in 1865, leaving two children, and in
July 1867 Hinrichs married Anna Catharina Springer (1842-1910; Auguste’s
younger sister) in Iowa City; presumably, Anna had come to America to care for
Gustavus’s children. With Anna, Hinrichs had two more children.

In 1875 Hinrichs founded the lowa Weather and Crop Service [19, 20], and in
1886 he was dismissed from the University of Iowa (on trumped-up charges) [13,
15, 21]. In 1889 he was appointed Professor of Chemistry at St. Louis University,
and he retired in 1907. He died 14 February 1923 in St. Louis (age 86).

3In several papers Hinrichs published in 1860, this degree follows his name. Records at the
University suggest that this certification may have been later invalidated [14].

*The Schleswig-Holstein Wars stimulated a large number of people to immigrate to Iowa. Gus-
tavus’s older brother, Carl Peter Hinrichs (1831-1894), a laborer, immigrated in 1868 with his
wife Marie (1831-1916) to Clinton, Iowa, about 100 km from Iowa City.
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Fig. 7.1 Gustavus Hinrichs in his middle years. Left photo courtesy of University of lowa. Right
photo from the Souvenir and Annual, 1881-1882

Fig. 7.2 Gustavus Hinrichs in his later years. Left: photo courtesy of University of Iowa. Right:
photo from The Palimpsest, 1930
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7.3 Hinrichs and Atomic Weights, 1866

Hinrichs published his first ideas about atomic weights in an 1866 article [22] in the
American Journal of Science entitled, “On the Spectra and Composition of the
Elements.” Although much of this paper relates to finding regularities in the spectra
of the elements (which has been discussed elsewhere [8]), I will instead focus on his
ideas about the structure of atoms.

In this paper, Hinrichs states: “We suppose all elementary atoms to be built up of
the atoms of one single matter, the urstoff....” Hinrichs proposes that the atomic
weight of hydrogen, referred to this prime element, is 4, but for the rest of the article
he gives atomic weights relative to H = 1. He continues,

the laws of mechanics force them [i.e., the particles of the urstoff] to arrange themselves
regularly—and the most stable form will be the prism. If quite rectangular, and @, b, ¢ be the
number of primary atoms, in the three directions, we shall have [where A = atomic weight]

A =ab-c

If the atom has a quadratic base, a = b, we have

2
A=a"c.

If provided with one or several pyramidal additions, we have
A=abc+k

Thus, Hinrichs clearly believed Prout’s hypothesis [23-27] that all atomic
weights are integer multiples of that of hydrogen (or a fraction thereof). As we will
discuss below, Hinrichs makes no mention of the 1860 or 1865 publications of
Jean-Servais Stas [28, 29] (1813-1891) discrediting Prout’s hypothesis, or of the
1858 publications of Stanislao Cannizzaro [30, 31] (1826—-1910) on atomic weights.
Hinrichs mentions that he was using the atomic weights given in 1863 by Heinrich
Will [32] (1812-1890), which for non-metals, the alkali metals, and the coinage
metals mostly resembled the modern values, but for other elements were mostly
one-half the modern values.

Examples of how Hinrichs tried to apply a common formula for the atomic
weights of elements within groups are shown in Fig. 7.3. In attempting to fit the
atomic weights of elements in a group to a common formula, Hinrichs was fol-
lowing efforts made in 1853 by the English chemist John H. Gladstone [33] (1827
1902), in 1854 by the American chemist Josiah Parsons Cooke [34]5 (1827-1894),
in 1851 and 1858 by the French chemist Jean Baptiste André Dumas [35, 36]
(1800-1884), and in 1860 by the American chemist Mathew Carey Lea [37] (1823—
1897). All tried to fit the weights to formulas of the type a + md (or to more
complicated polynomial formulas), where a and d were numbers that were invariant
within a group, and m was an integer that differed from element to element in that
group. Only Hinrichs, however, proposed that the polynomial formulas reflected
specific geometric (i.e., prismatic) arrangements of the basic building blocks.

3See Chap. 1 in this volume for more on Cooke’s work.
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Oxygen group; quadratic. Formula A =n.42,

n A Cale. Obs, Error.
1 143 = 16 18 00
S:Fie 2 242 = 82 32 00
!enmm 5 542 = 80 80 00
'I‘ellnrium, 8 842 =128 128 00
Chlorine group; quadratic. Formula A=n.82£l
n Cale. Obs, Error.
Fluorine, 2 2‘8’ +1= 19 19 00
Chlorine, 4 483 1= 85 866 45
Bromine, 9 98?2 —1= 80 80 00
Iodine, 14 1482 41 =127 127 00
Alkaline group; quadratic with pyramid. A =7 +4n.4%,
n A  Cale, Obs. Error.
Lithium, 0 7 7 00
Sodium, 1 T41.42=28 28 00
Polassiom, 3 74-2.42= 389 39 00
Rubidium, 5 T45.4% = 87 854 —-16
Cesium, 8 748.42=135 1830 20
Alkaline-carths group, quadratic. A =n,2%,
A Cale Obs. Error,
Magoesium, 3 322 =12 12 00
Calcium, 5 592 = 20 20 00
Strontium, 11 11'2%= 44 438 -2
Barium, 17 1722 =68 68'5 +5

Fig. 7.3 Table from Hinrichs’s 1866 attempt to find numerical regularities in atomic weights [22]

Hinrichs mentions two of these predecessors in this 1866 paper [22]:

We cannot here go into any detail as to the relation of these formulae to the numerical
relations discovered by Carey Lea, Dumas and others; we hope soon to be enabled to
publish our labors on the constitution of the elements. Neither can we here discuss these
formulae in the sense of the mechanics of atoms, deducing the physical and chemical
properties of the elements from these formula; these interesting relations also we must delay
till some future, but I hope not a very distant, time.

Among Hinrichs’s handwritten papers at the University of Illinois are two pages
summarizing the polynomial formulas of Cooke and Dumas. We do not know
whether Hinrichs had seen any of the classification schemes constructed between
1862 and 1864 by Béguyer de Chancourtois [38], Odling [39], Newlands [40], or
Meyer [41].
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7.4 Hinrichs and Atomechanics, 1867

One year later, in 1867, Hinrichs published an expanded version of his ideas about
the inner structure of atoms, which he had briefly discussed in his 1866 paper.
These new ideas appear in a privately lithographed reproduction of a 44 page
handwritten treatise entitled Programme der Atomechanik oder die Chemie eine
Mechanik der Panatome (Fig. 7.4; called Programme from here on). It is written
entirely in German, except that copies not intended for Germany also include an
abstract in French on pages 45—48. At the same time Hinrichs published a four-page
English abstract of his Programme in the American periodical Journal of Mining
[2]. The English abstract is not a straight translation of the French abstract.

A total of 112 copies of Programme were printed [42]. Hinrichs sent most of
these to societies and universities, with only a few going to individuals. Among the
latter were the Irish physicist John Tyndall (1820-1893), the German physicist and
editor Johann Christian Poggendorff (1796-1877), the German chemists August
Hofmann (1818-1892), Heinrich Will (1812-1890), Justus von Liebig (1803—
1873), and Carl Remigius Fresenius (1818-1897), the German dictionary editor
Felix Fliigel (1820-1904), the London publisher of the Mining Journal Edward
David Hearn (1832-1909), and the biologist Charles Darwin (1809-1882). He also
sent copies to several geologists and mineralogists in Austria, Germany, and
Russia: Hans Bruno Geinitz (1814-1900), Wilhelm Haidinger (1795-1871), Karl

Fig. 7.4 Cover and title page of G. D. Hinrichs, Programme der Atomechanik, oder die Chemie
eine Mechanik der Panatome, lowa City (1867). Images courtesy of the University of Dresden
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Friedrich August Rammelsberg (1813-1899), Carl Friedrich Naumann (1797-
1873), Albrecht Schrauf (1837-1897), Aristides Brezina (1848-1909), and Nikolai
Koksharov (1818-1893). In all, he sent 37 copies to Germany, 