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Foreword

Tue Acs SYMPOSIUM SERIES was first published in 1974 to
provide a mechanism for publishing symposia quickly in book
form. The purpose of this series is to publish comprehensive
books developed from symposia, which are usually “snapshots
in time” of the current research being done on a topic, plus
some review material on the topic. For this reason, it is neces-
sary that the papers be published as quickly as possible.

Before a symposium-based book is put under contract, the
proposed table of contents is reviewed for appropriateness to
the topic and for comprehensiveness of the collection. Some
papers are excluded at this point, and others are added to
round out the scope of the volume. In addition, a draft of each
paper is peer-reviewed prior to final acceptance or rejection.
This anonymous review process is supervised by the organiz-
er(s) of the symposium, who become the editor(s) of the book.
The authors then revise their papers according to the recom-
mendations of both the reviewers and the editors, prepare
camera-ready copy, and submit the final papers to the editors,
who check that all necessary revisions have been made.

As a rule, only original research papers and original re-
view papers are included in the volumes. Verbatim reproduc-
tions of previously published papers are not accepted.

M. Joan Comstock
Series Editor
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Preface

COORDINATION CHEMISTRY IS ONE of the most active research fields
in chemistry today. Known since ancient times, coordination compounds
attracted as much attention during the nineteenth century for their
tremendous importance to the general problem of chemical bonding as
for their own unique and fascinating properties. Thus Alfred Werner
(1866—1919), the founder of coordination chemistry, was trained as an
organic chemist and entered inorganic chemistry through the back door,
so to speak. Yet, even before he began his quarter-century-long tour de
force of research on what were known as “molecular compounds,” he
became vitally concerned with one of the most basic problems of
chemistry—the nature of affinity and valence. Coordination compounds
provided him with an exciting and challenging means to this end. In 1913
Werner was awarded the Nobel Prize in chemistry, the first Swiss chemist
to attain this honor. In the words of the Royal Swedish Academy of Sci-
ences, he received the prize for “his work on the linkage of atoms in
molecules, by which he has thrown fresh light on old problems and
opened new fields of research, particularly in inorganic chemistry.”

However, as the chapters in this volume illustrate, the theoretical and
practical aspects of coordination chemistry in general and Werner’s work
in particular have significance in fields far removed from classical inor-
ganic chemistry. Because of the importance of Werner’s research on
coordination compounds, they are sometimes referred to as Werner com-
plexes, and the coordination theory is colloquially called Werner’s theory.
Werner’s work was so complete and all-encompassing that for many years
coordination chemistry was neglected because most chemists thought that
all the important research had been done. It remained for chemists such
as John C. Bailar, Jr., in the United States and Kai Arne Jensen and Jan-
nik Bjerrum in Denmark to revive interest in the field as part of what
became known as “the Renaissance in inorganic chemistry.” Evaluations
of the lives and works of these recently deceased chemists appear as
Chapters 6—9 in this volume.

Werner was born in Mulhouse, France, on December 12, 1866. To
commemorate the 100th anniversary of his birth, I organized and chaired
a symposium at the 152nd National Meeting of the American Chemical
Society held in New York City in 1966. Forty-two of the papers
presented at that symposium, the longest in ACS history up to that time,
were published as a book, Werner Centennial (Advances in Chemistry
Series No. 62, American Chemical Society: Washington, DC, 1967).

ix
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To commemorate the 100th anniversary of the publication of
Werner’s “Beitrag zur Konstitution anorganischer Verbindungen”(Z.
anorg. Chem. 1893, 3, 267-330), in which he first proposed his monu-
mental coordination theory, a Coordination Chemistry Centennial Sym-
posium (C,S), was held for four full days at the 205th National Meeting
of the Amencan Chemical Society in Denver, Colorado. Fifty-one papers
on the historical, educational, review, and research aspects of the field
were presented by speakers from 17 countries (Australia, Denmark, Eng-
land, Finland, France, Germany, Hungary, India, Israel, Italy, Japan, New
Zealand, Russia, South Africa, Switzerland, the United States, and
Wales).

The well-attended symposium was opened by ACS President Helen
M. Free and the famous trumpet fanfare from Ludwig van Beethoven’s
opera Fidelio played by symposium participant John G. Verkade. The dis-
tinguished participants included three 1993 ACS awardees (Robert H.
Crabtree, Robert W. Parry, and me) and 10 past ACS awardees (Daryle
H. Busch, Malcolm H. Chisholm, Gregory R. Choppin, Harry B. Gray,
James A. Ibers, R. Bruce King, Steven J. Lippard, Arthur E. Martell,
Alan M. Sargeson, and Jean’'ne M. Shreeve).

One of the papers was coauthored by the 1951 Nobel chemistry
laureate Glenn T. Seaborg. The 92-year-old Linus Pauling, a two-time
Nobel laureate (for chemistry in 1954 and for peace in 1963), made a rare
public appearance at the opening session. His entrance was heralded by
another fanfare by Professor Verkade—this one from Benjamin Britten’s
operetta Noah’s Ark, in which God’s words to Noah are always preceded
by this fanfare—appropriately, in view of Professor Pauling’s megavitamin
therapy research, in the key of C. Pauling’s presentation (which is now
Chapter 5 in this volume) featured his reminiscences and interpretations.

This volume contains 37 chapters: 28 were presented at the sympo-
sium on which this book is based; 9 are additional chapters. It includes
biographical chapters and those dealing with the history of coordination
chemistry as a whole and the history of various aspects of the field as well
as reviews, research of more than ordinary interest, and chapters about
the applications of coordination compounds. Therefore this book should
be useful to historians of chemistry and of science, practicing chemists,
students, and anyone concerned with the past, present, and future of one
of the most intriguing and productive areas of chemistry. Eleven of the
experimental research papers from the symposium appeared in a special
“Coordination Chemistry Centennial Symposium” issue of Polyhedron:
The International Journal for Inorganic and Organometallic Chemistry
(Volume 13, Number 13, July 1994, for which I was the guest editor).
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Introduction

I GREATLY APPRECIATE THE HONOR of being invited to provide an
introduction to the proceedings of this very comprehensive and well-
attended symposium on coordination chemistry. My main regret is that I
was not able to deliver it in person. I am reminded that I made a similar
request to Professor Nevil Vincent Sidgwick of Oxford University when
he attended the first International Conference on Coordination Chemistry
held at Welwyn, England, in 1950 (1). He gave a brief history of the sub-
ject, as he said, to around 1925. He discussed the well-known
Jérgensen—Werner controversy and Werner’s extensive paper of 1893 (2),
in which he expounded his famous theory, the centennial of which we
now commemorate. Sidgwick, who in 1893 was an undergraduate at
Oxford, commented that this theory was little regarded by chemists in
general. Chemists were convinced that Werner’s views were to be taken
seriously only after 1911, when he resolved 6-coordinate compounds such
as [CoCl(N]-L},l)(en)z]Cl2 into enantiomers in accordance with his predic-
tion that such compounds should be optically active if the groups are
located at the vertices of an octahedron (3).

Two types of chemical compounds were apparent—those in which the
number of an atom’s covalent bonds is equal to the atom’s valency, as in
most organic compounds, and those in which the number of bonds is
equal to the atom’s coordination number. G. N. Lewis, in 1916, finally
reconciled these two patterns (4). He explained for the first time the
nature of non-ionized bonds (covalencies) as resulting from the sharing of
two electrons in some way between the two bonded atoms. The electrons
could be provided either one from each or both from one of the bonded
atoms. It was soon realized that the latter bonding explained Werner’s
coordination compounds (5).

Why did Sidgwick in 1950 limit his theory to pre-1925? Did the sub-
ject die in 1925? Not completely, but almost so. There were useful
correlations from Russian chemists who developed Ilya II'ich Chernyaev’s
ideas of directing effects to cis or trans positions in the substitution of
one ligand by another (6), rather like ortho—para and meta substitution
in benzene. Kai Arne Jensen in Copenhagen, by measurements of dipole
moments, showed that many planar complexes of the type [PtCl,L,]
(where L is a tert-phosphine or other ligand) had been assigned incorrect
configurations on the basis of their colors alone (7). Frederick George
Mann in Cambridge had shown that Sugden’s parachor was useless for
determining the nature of bonding in chemical complexes (8). Of course,

xiii
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a few chemists prepared new and interesting complexes, especially those
complexes soluble in organic solvents. Nevertheless, the subject was
essentially ignored by the great body of chemists who associated it with
the metal-ammines whose chemistry they regarded as dull and useless.
That view took a long time to die. It was still very much alive when I was
a student in Cambridge during the period 1935-1940 (9).

Inorganic chemistry was taught in a monotonous and descriptive
manner. I remember one of our mature chemistry tutors whom we asked
about Werner’s theory stuttering through it and finishing, “That’s what
they say. Take it or leave it.” It was fortunate that Mann, one of our
organic lecturers, gave us a short and excellent course on complex com-
pounds. He was my inspiration. In it he mentioned Zeise’s salt
K[PtCl,(C,H,)]-H,O, stating that the ethylene pi electrons were believed
to serve the function of the lone pair on the usual donor molecules. The
term ligand was not used then (10), but when I first became aware of it
after the war it seemed self-evident. To lig, in my local Cumbrian dialect,
meant to lie down, and obviously, groups lying with the central atom were
ligands.

William Christoffer Zeise discovered his salt in 1827 (11), but no one
had yet firmly established the nature of its bonding. My aim was to teach
in a university, and I decided to make olefin complexes my area of
research, but World War II intervened. Six years elapsed before I could
start on my project in a newly established fundamental research labora-
tory of Imperial Chemical Industries, Ltd. (ICI). Even then, most organic
chemists were unable to appreciate the importance of Werner’s coordina-
tion numbers and tried to formulate complex compounds so that the
number of bonds to the metal atom was equal to what they called its
valency (actually its oxidation number). Thus such nonsensical formula-
tions as Me,S*—Pt—S*Me,CI; and C12Pt(—CH}CH2—)2PtC12 were still
appearing in reputable journals such as the Journal of the Chemical
Society and the Journal of the American Chemical Society as late as the
mid-1930s.

One problem delaying the development of complex chemistry was that
coordination compounds were usually salts, either insoluble in water, or,
if soluble, excessively labile. Their lability led to the determination of
“stability constants” relating to the study of the equilibria between the
simple salts and various nitrogen ligands, notably by Jannik Bjerrum (12)
and other Scandinavian chemists, Gerold Schwarzenbach in Ziirich, and
Harry M. N. H. Irving and Robert J. P. Williams in Oxford. Complex
chemistry was slow to grow in the United States but was greatly nour-
ished there by John C. Bailar, Jr. (13). On my first visits to the United
States, I noted that there were only two types of coordination chemists
there, those who had been John Bailar’s students and those who had not,
and the former appeared greatly to outnumber the latter.

The spark that led to the outburst of activity in coordination chemis-
try after World War II was the budding, but still small, prewar interest in

xiv
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the chemistry of nonionic complexes, soluble in organic solvents, whose
study was less impeded by complex lability. Such activity was favored by
the very rapid development of nondestructive physical methods of struc-
ture determination by X-rays, magnetic and dipole moment measure-
ments, infrared spectroscopy, and the many other spectroscopic tech-
niques appearing over the past half-century. Another factor encouraging
such research was the growing interest in transition-metal-based catalysts
used in the conversion of mineral oil into raw materials for the plastics
and similar new industries. This potential for applications ensured ade-
quate finances for fundamental research. Hence I was allowed an open
remit in the laboratories of ICI Ltd., Welwyn.

Which direction will future research on coordination compounds
take? Many complex enzymic reactions depend on the unique qualities of
transition metal atoms at their reaction centers. Complex chemistry holds
their key, and they will become its next growing edge. Their solution will
demand close cooperation among all types of chemists.

References

1. Chatt, J. DS 1977, 49, 815—-826.
2. Werner, A. it 1893, 3, 267-330. For a discussion and

annotated English translation, see Kauffman, G. B. Classics in Coor-
dination Chemistry, Part 1: The Selected Papers of Alfred Werner,
Dover: New York, 1968; pp 5-88. For a detailed discussion of the
Jérgensen—Werner controversy, see Chapter 1 in this book.
3. Werer, A. G 1911, 44, 1887—1898. For a dis-
cussion and annotated English translation, see Kauffman, reference
2, pp 155-173.
Lewis, G. N. J. pianfilsmfiias. 1916, 38, 762-785.
Sidgwick, N. V. imfslsusniies. 1923, 123, 725-730. For a discussion
and annotated reprint, see Kauffman, G. B. Classics in Coordination
Chemistry, Part 3: Twentieth-Century Papers (1904—1935); Dover:
New York, 1978; pp 127-142.

6. Chernyaev, 1. I. Izv. Inst. Izuch. Platiny Drugikh Blagorodn. Met.
Akad. Nauk SSSR 1927, 5, 118—156. For a discussion and annotated
English translation, see Kauffman, reference 5, pp 143—195.

7. Jensen, K. A. inmSismn 1935 225, 97-114; 115-141; 1936,
229, 252-264. For details on Jensen’s life and work, see Chapter 7
in this book.

8. Mann, F. G.; Purdie, D. jufSsuamiias. 1935, 1549—1563.

9. Leigh, G. IIININEGEGEGEGEGEGEGG 1991, 108, 1-25.

10. The term ligand was first proposed by Alfred Stock, of borane and
silane fame, in a lecture on November 27, 1916, at the Kaiser-
Wilhelm Institut fiir Chemie in Berlin-Dahlem, but it did not come

v

Xv

In Coordination Chemistry; Kauffman, G.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



July 25, 2012 | http://pubs.acs.org
Publication Date: November 4, 1994 | doi: 10.1021/bk-1994-0565.pr001

into extensive use among English-speaking chemists until the 1940s
and 1950s, largely through the popularity of Jannik Bjerrum’s doc-
toral dissertation. For detailed accounts of the origin, dissemina-
tion, and eventual adoption of the term ligand, see Brock, W. H.;
Jensen, K. A; Jérgensen, C. K.; Kauffman, G. B. dmbhix 1981, 28,
171-183; J. Coord. Chem. 1982, 11, 261-263; J. Chem. Inf. Comput.
Sci. 1982, 22, 125-129; Polyhedron 1983, 2, 1-7, J. Chem. Educ.
1983, 60, 509—510.

11. Zeise, W. C. Danske Vidensk. Selskabs. Overs. 1825—1826, 13; Pogg.
Ann. Phys. 1827, 9, 632. Zeise’s more detailed report on the
preparation and properties of his salt are found in his paper “Von
der Wirkung zwischen Platinchlorid und Alcohol, und von den dabei
entstehenden neuen Substanzen.” Pogg. Ann. Phys. 1831, 21,
497-541. For a discussion and annotated English translation, see
Kauffman, G. B. Classics in Coordination Chemistry, Part 2:
Selected Papers (1798—1899); Dover: New York, 1976; pp 17-37.

12. For discussions of Jannik Bjerrum and his work, see Chapters 8 and
9 in this book.

13. For discussions of Bailar’s life and work, see Chapter 6 in this book.

JOSEPH CHATT}
16 Tongdean Road

Hove, East Sussex BN3 6QE
England

December 6, 1993

tJoseph Chatt died on May 19, 1994.

xvi

In Coordination Chemistry; Kauffman, G.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



July 25, 2012 | http://pubs.acs.org
Publication Date: November 4, 1994 | doi: 10.1021/bk-1994-0565.ch001

Alfred Werner (1866—1919). (Reproduced with permission
from reference 7, frontispiece. Copyright 1966 Springer-Verlag.)
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Chapter 1

Theories of Coordination Compounds
Alfred Werner’s Triumph

George B. Kauffman

Department of Chemistry, California State University,
Fresno, CA 93740

The supersession of the most successful pre-Werner theory of the
structure of coordination compounds, the so-called Blomstrand-
Jgrgensen chain theory, by Alfred Werner’s coordination theory
constitutes a valuable case study in scientific method and the history of
chemistry. The highlights of the Werner-Jgrgensen controversy and its
implications for modern theories of chemical structure are sketched in
this article.

Coordination compounds are of great practical importance. Coordinating agents are used
in metal-ion sequestration or removal, solvent extraction, dyeing, leather tanning,
electroplating, catalysis, water softening, and other industrial processes too numerous
to mention here. In fact, new practical applications for them are found almost daily.
They are of tremendous importance in biochemistry. For example, vitamin B,, is a
coordination compound of cobalt, the hemoglobin of our blood is a coordination
compound of iron, the hemocyanin of invertebrate animal blood is a coordination
compound of copper, and the chlorophyll of green plants is a coordination compound
of magnesium. Yet, as we shall see, their primary importance for chemistry lies
elsewhere.

Theories of Coordination Compounds

In most fields of science theory generally lags behind practice. In other words, sufficient
experimental data must be accumulated before attempts are made to explain these
experimental facts and predict new phenomena. During the first half of the 19th century
discoveries of coordination compounds were few, sporadic, and often accidental, and it
was not until after Gibbs and Genth’s classic memoir of 1856 that chemists began to
devote themselves in earnest to a systematic study of this field. We might therefore think
that few theories of coordination compounds were advanced until late in the second half

This chapter reprinted with permission from Spectrum (Pretoria)
© 1987 Foundation for Education, Science and Technology
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4 COORDINATION CHEMISTRY

of the 19th century, but this was not the case. In coordination chemistry the lag of theory
behind practice was not a great one because of the tremendous importance of
coordination compounds to the general question of chemical bonding. In the words of
Alfred Werner himself, “Of all inorganic compounds, [metal-ammines] are best suited
to the solution of constitutional problems. . . . It was through the investigation of metal-
ammines that the decisive basic principles involved in the constitutional conception of
inorganic compounds could first of all be clearly recognized.”

Because of the importance of coordination compounds to chemical bonding,
theories of their structure were advanced by some of chemistry’s brightest luminaries.
In 1841 the Swedish chemist Jons Jacob Berzelius proposed his conjugate theory, using
terms and ideas that he borrowed from the French chemist Charles Gerhardt. According
to this theory, he viewed metal-ammines as conjugated or copulated compounds
consisting of ammonia and a conjugate or copula. The latter cannot be removed by
reaction with an acid and neither increases nor decreases the saturation capacity of a
base. In other words, a metal in conjugation with ammonia is still capable of combining
with other substances.

In 1837 the Scottish chemist Thomas Graham proposed the so-called ammonium
theory, in which metal-ammines are considered as substituted ammonium compounds.
Although Graham’s ammonium theory could be applied only when the number of
ammonia molecules in the coordination compound was equal to the electrovalence of the
metal, it met with a fair degree of success and was generally accepted until Werner’s
time, largely because of the modifications of it that were proposed by other chemists
such as Gerhardt, Wurtz, Reiset, von Hofmann, Boedecker, and Weltzien.

In 1854 the German-Russian chemist Carl Ernst Claus (Karl Karlovich Klaus)
rejected the ammonium theory and suggested a return to the earlier view of complexes
as conjugated compounds. He designated coordinated ammonia as “passive, in contrast
to the active, alkaline state in the ammonium salts, where it can easily be detected and
replaced by other bases.”

Claus’s close parallel between metal hydrates and metal-ammines was attacked
on the grounds that many hydrates were known for which corresponding ammines were
unknown. As we shall see shortly, all of Claus’s three postulates reappeared in modified
form almost four decades later in Alfred Werner’s coordination theory.

Constant Valency and Kekulé’s “Molecular Compounds.” The next theory of
coordination compounds that we shall examine in more detail was also applicable to a
wide variety of substances. It was proposed by none other than the patriarch of structural
organic chemistry, August Kekulé, professor of chemistry at the universities of Ghent
and Bonn. It may come as a surprise to some of you that Kekulé’s valence theory, which
was so flexible and fruitful in the realm of organic chemistry, proved to be a virtual
straitjacket when applied to inorganic compounds. Yet, by his own admission, Kekulé’s
concept of constant valence proved, in his own words, "embarrassing to the chemist.”
However, instead of abandoning this obviously untenable belief, he compounded his
error by invoking a still more unsatisfactory concept in order to maintain it, namely, the
concept of “molecular compounds.”
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Most of the pioneers in the theory of valence, such as the Englishman Edward
Frankland and the Scot Archibald Scott Couper, readily admitted the possibility of
variable valence. In other words, they felt that a given element could exhibit one valence
in one compound and a different valence in another compound. On the other hand,
Kekulé, from his first statements on the self-linking of carbon in 1858 until his death in
1896, adopted and rigidly adhered to the principle of constant valence. In spite of the
mass of data that soon accumulated to contradict such a simple and admittedly attractive
assumption, Kekulé dogmatically insisted that atomicity, which was the term that he
used for valence, was, in his own words, “a fundamental property of the atom, which is
just as constant and unchangeable as the atomic weight itself.” The simplicity of this
principle, however, was more than outweighed by the complicated and unrealistic
formulas required to maintain it, and eventually the stubborn Kekulé stood virtually
alone in its defense. Once again, the liberal of one generation had become the
conservative of the next.

Listen to Kekulé’s dichotomy of compounds into “atomic compounds” and
"molecular compounds,” an attempt to buttress his theory of constant valence. According
to Kekulé, “Compounds in which all the elements are held together by the affinities of
the atoms which mutually saturate one another could be called atomic compounds. They
are the only ones which can exist in the vapor state. . . . We must distinguish a second
category of compounds that I shall designate molecular compounds.”

A few examples should suffice to illustrate Kekulé’s concept of “molecular
compounds,” and they are shown in Figure 1. Since Kekulé regarded the valences of
nitrogen, phosphorus, and cobalt as invariably three, and of copper as invariably two, he
was forced to consider phosphorus(V) chloride, ammonium chloride, copper(Il) sulfate
pentahydrate, and hexaamminecobalt(III) chloride as “molecular compounds” with the
formulas shown in Figure 1. Today, Kekulé’s mysterious noncommittal dot has all but
disappeared in writing the formulas of coordination compounds. When we occasionally
still use it to write the formulas of metal hydrates or of hydrochlorides of organic bases,
we unwittingly invoke the ghost of Kekulé and his now defunct doctrine of constant
valency.

Figure 2 shows a page from a holograph book of Alfred Werner’s elementary
chemistry notes, in which we see PCl, formulated as a “molecular compound” in
accordance with Kekulé’s doctrine of constant valency. This 127-page book in Werner’s
handwriting dates from 1883-84 when he was between seventeen and eighteen years old.
A decade later, in his coordination theory of 1893, Werner was destined to offer an
alternative and much more satisfactory explanation for the constitution and configuration
of what were then called “molecular compounds.”

In a sense, Kekulé’s concept of “molecular compounds” was a revival of
Berzelius’s dualistic theory whereby “secondary compounds” (in Kekulé’s terminology,
“atomic compounds”) containing a small excess of electrical charge could still combine
with other “secondary compounds” containing a small excess of opposite charge to form
“tertiary compounds” (in Kekulé’s terminology, “molecular compounds”). At most,
Kekulé’s artificial division of compounds into “atomic compounds,” which obeyed the
rules of classical valence theory, and into “molecular compounds,” which did not obey
these rules, had some limited value as a formal classification. However, in no way did
it explain the nature or operation of the forces involved in the formation of “molecular
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PClg
(Phosphorus(V)Chloride)

NH,Cl
(Ammonium Chloride)

CuSO,’ 5H;0
(Copper(Il) Sulfate Pentahydrate)

[ Co(NHj;)¢] Cl,
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N
PClyCl;, - ©PCL + Cl,

s

NH,* HC1 NH; + HCl

A
CuSO,'5SHO  —+

CuSO, + 5H0

CoCl,* 6NH, -r No Reaction

(Hexaamminecobalt(III)Chloride) Ni
[ Co(NH;) ¢ (CEQ‘V CO(N'Ha)s] S04 s

(No Co(OH); formed)

(No NH,* salt formed)

Figure 1. Kekulé’s “molecular compounds” and constant valency.
(Reproduced from reference 25, p 15. Copyright 1977 American Chemical

Society.)
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Figure 2. Page 111 of the 17-year-old Alfred Werner's Einleitung in die
Chemie, Mulhouse, 1883-84 showing the formulation of PCl, as a
"molecular compound" (PCl;-Cl,) (Reproduced with permission from
reference 9, p 46. Copyright 1967 American Chemical Society.)
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compounds,” except to assume that the forces were acting between molecules rather than
between atoms.

Inasmuch as the forces acting between molecules were supposedly weaker than
the forces acting between atoms, according to Kekulé, the resulting “molecular
compounds” should be less stable than “atomic compounds.” Indeed, as we can see in
Figure 1, some of the substances of limited thermal stability cited by Kekulé as
prototypes of “molecular compounds,” such as phosphorus(V) chloride, ammonium
chloride, and copper(Il) sulfate pentahydrate, did decompose in the vapor state.
However, this was a relative rather than an absolute phenomenon. For example, under
certain conditions, such as the use of lower temperatures or the addition of decomposi-
tion products, many of these substances could be vaporized without decomposition.
Therefore many chemists began to regard Kekulé’s classification as meaningless. The
great Russian chemist, Dmitrii Ivanovich Mendeleev, the discoverer of the periodic law,
wrote, “Kekulé’s division of chemical compounds into ‘atomic’ and ‘molecular’ types
is artificial, arbitrary and unsound. . . . No practical test exists by which the two
categories may be sharply separated.”

But Kekulé’s stability criterion, or to be more accurate, instability criterion failed
completely in the case of many coordination compounds, especially the metal-ammines,
which were classified as “molecular compounds” by sheer dint of necessity even though
they were extremely resistant to heat and chemical reagents. For example, look at Figure
1. Although hexaamminecobalt(IIT) chloride contains ammonia, it neither evolves this
ammonia on mild heating nor does it react with acids to form ammonium salts. Also,
despite its cobalt content, addition of a base to its aqueous solution fails to precipitate
hydrated cobalt(ITI) hydroxide. It remained for Alfred Werner to explain successfully
the constitution of such compounds, but the time was not yet ripe. Before considering
Werner’s coordination theory, we must examine one more theory of coordination
compounds, perhaps the most successful of the pre-Werner theories, namely, the
Blomstrand-Jgrgensen chain theory.

The Blomstrand-Jgrgensen Chain Theory. Christian Wilhelm Blomstrand was
professor of chemistry and mineralogy at the University of Lund. Living in Sweden
during a transition period between the older and newer chemistry and being a scientific
as well as a political conservative, he tried to reconcile Berzelius’s old dualistic theory
with the newer unitary and type theories. In fact, his best known work, the book Die
Chemie der Jetztzeit (Contemporary Chemistry), in which he first proposed his chain
theory, bears the subtitle “from the viewpoint of the electrochemical interpretation
developed from Berzelius’s theory.” Despite his conservatism, Blomstrand was opposed
to Kekulé’s dogma of constant valency, and he tried to establish a sound and complete
theory of variable valency. For him, Kekulé’s dichotomy of compounds into “atomic
compounds” and “molecular compounds” was completely unacceptable. In his book of
1869 Blomstrand asserted: “It has become the principal task of the newer chemistry to
explain atomistically, i.e., from the saturation capacity of the elements, compounds
which previously have been conceived of more or less definitely as molecular.” This
statement was later chosen by no less an authority on coordination compounds than
Alfred Werner (1866-1919) as the motto for the frontispiece of his monumental, but
modestly titled textbook Neuere Anschauungen auf dem Gebiete der anorganischen
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Chemie (Newer Views in the Field of Inorganic Chemistry). Levi Tansjd’s article,
“While Waiting for Werner: Chemistry in Chains,” which appears in this symposium
volume, briefly discusses Die Chemie der Jetztzeit and Blomstrand’s chain theory.

Sophus Mads Jgrgensen (Figure 3) was professor of chemistry at the University
of Copenhagen. He was also Alfred Werner’s primary scientific adversary. Except for
some early isolated research, Jgrgensen devoted himself exclusively to investigating the
coordination compounds of cobalt, chromium, rhodium, and platinum. This work, upon
which his fame securely rests, forms an interconnected and continuous chain from 1878
to 1906. Although Werner’s ideas eventually triumphed, this in no way invalidated
Jgrgensen’s experimental observations. On the contrary, his experiments, performed
with meticulous care, have proven completely reliable. They provided the experimental
foundation not only for the Blomstrand-Jgrgensen chain theory but for Werner’s
coordination theory as well.

As a research worker, Jgrgensen was methodical, deliberate, painstaking, and
solitary. Although he could have delegated much routine work to assistants, he insisted
on personally performing all his analyses. In fact, he reserved one day a week for this
task. Werner, on the other hand, allowed many of the details of his syntheses to be
worked out by his assistants or students. Consequently, almost all of Jgrgensen’s
experimental work is reproducible, whereas some of Werner’s work in this area leaves
much to be desired. In view of Jgrgensen’s passion for perfection, his research output
was tremendous, and we are indebted to him for many of the basic experimental facts
of coordination chemistry.

The latter half of the 18th century was a period of tremendous progress in
organic chemistry, and organic chemistry exerted a predominant influence on other
branches of chemistry. Thus Blomstrand suggested that ammonia molecules could link
as -NH,- chains, analogous to -CH,- chains in hydrocarbons. The number of ammonia
molecules associated with the metal, that is, the length of the chain, depended upon the
metal and its valence. This point was later accounted for more adequately by Werner’s
concept of the coordination number. Jgrgensen made provision for different reactivities
of various atoms and groups. For example, halogen atoms that could not be precipitated
immediately by silver nitrate were called “nearer” and were considered to be bonded
directly to the metal atom. Halogen atoms that could be precipitated immediately by
silver nitrate were called “farther” and were considered to be bonded through the
ammonia chains. These two different kinds of bonding were later explained more
satisfactorily by Werner’s terms “non-ionogenic” and “ionogenic,” respectively, and by
his concepts of inner and outer spheres of coordination. Despite the chain theory’s
admitted limitations, it permitted the correlation of a considerable amount of empirical
data.

In 1883 Jgrgensen demonstrated that tertiary amines, which, of course, contain
no hydrogen, are capable of forming compounds that are completely analogous to the
metal-ammines both in their composition and their properties. Recall that the ammonium
theory conceived of metal-ammines as salts in which some of the hydrogen atoms of the
ammonium group were replaced by metal atoms. Since tertiary amines contain no
hydrogen, Jgrgensen’s discovery effectively eliminated the ammonium theory from
serious consideration as an explanation for the constitution of the metal-ammines.
Therefore chemists at that time were forced to assume the existence of ammonia chains

In Coordination Chemistry; Kauffman, G.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



July 25, 2012 | http://pubs.acs.org
Publication Date: November 4, 1994 | doi: 10.1021/bk-1994-0565.ch001

10

COORDINATION CHEMISTRY

Figure 3. Sophus Mads Jergensen (1837-1914) (Reproduced with
permission from reference 25, p 12. Copyright 1977, American
Chemical Society.)
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copied from hydrocarbons or to conceive of metal-ammines as “molecular compounds.”
Since Kekulé’s theory really explained nothing and only “substituted a beautiful word
for a confused concept,” to use Wermner’s words, the Blomstrand-Jgrgensen chain theory
became the most popular and satisfactory way of accounting for metal-ammines.

Wilhelm Ostwald has divided scientific geniuses into two types—the classic and
the romantic. Jgrgensen seems the embodiment of the classic type—the conservative,
slow, and deep-digging completer who produces only after long deliberation and who
methodically develops a traditional theory to new consequences. Jgrgensen’s strong and
conservative sense of history caused him to regard Werner’s new theory as an
unwarranted break in the development of theories of chemical structure. He regarded it
as an ad hoc explanation insufficiently supported by experimental evidence.

Although Jgrgensen created no new structural theory of his own, he logically and
consistently extended and modified Blomstrand’s chain theory to interpret the many new
series of complexes that he, Jgrgensen, had succeeded in preparing for the first time. Just
as the medieval astronomers tried to force an explanation for the motion of the planets
in terms of the old geocentric Ptolemaic theory by postulating more and more
complicated epicycles, so did Jgrgensen strain to the breaking point the theory of his
mentor Blomstrand in his attempt to account for his newly-prepared coordination
compounds from a unified, theoretical point of view. Finally, in 1893, the Copernican
figure of Alfred Werner appeared on the scene to challenge the old system with a
revolutionary new theory based, according to Werner’s own admission, upon the sturdy
foundation of Jgrgensen’s painstaking experimental investigations. Ironic as it may
seem, Jgrgensen’s work bore the seeds of the Blomstrand-Jgrgensen theory’s destruction,
for, as we shall soon see, many of the compounds first prepared by Jgrgensen later
proved instrumental in demonstrating the validity of Werner’s views. It is tempting to
compare this situation with Priestley’s discovery of oxygen, which led to Lavoisier’s
classic experiments on the nature of combustion and to the subsequent collapse of the
Phlogiston theory. However, unlike Priestley, who staunchly defended the Phlogiston
theory until his death, Jgrgensen finally became convinced of the correctness of
Werner’s theory and acknowledged its worth. Since we shall compare in some detail the
predictions of the Blomstrand-Jgrgensen chain theory with those of the Werner
coordination theory, we shall postpone a consideration of the chain theory until we have
examined the basic postulates of the coordination theory.

Alfred Werner’s Coordination Theory. In 1893 a comparatively unknown twenty-six-
year-old Privat-Dozent or unsalaried lecturer at the Eidgendssisches Polytechnikum in
Ziirich came forth to challenge and discard the confining rigidities of both the Kekulé
constant valence theory and the Blomstrand-Jgrgensen chain theory. Like a modern
Alexander the Great, Alfred Werner cut the Gordian knot that for decades had caused
confusion in structural inorganic chemistry.

The circumstances surrounding the creation of Werner’s coordination theory
provide us with a classic example of the “flash of genius” that ranks with August
Kekulé’s famous dreams of the self-linking of carbon atoms and of the benzene ring. At
the time, Werner’s primary interest lay in the field of organic chemistry, and his
knowledge of inorganic chemistry was extremely limited. Perhaps there is some truth
after all in Albert Einstein’s statement that “imagination is more important than
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knowledge,” for one night in late 1892 Werner awoke at 2 AM with the solution of the
constitution of “molecular compounds,” which had come to him like a flash of lightning.
He arose from his bed and wrote furiously and without interruption. By 5 PM of the
following day he had finished his most famous paper titled “Contribution to the
Constitution of Inorganic Compounds.” (Z. anorg. Chem. 1893, 3, 267). Its publication
marked the beginning of modern coordination chemistry, the centenary of which we are
celebrating at this symposium.

This event might lead us to consider Werner to be the prototype of Ostwald’s
second type of genius—the romantic—the liberal, even radical, impulsive, and brilliant
initiator who produces prolifically and easily during his youth, in short, the exact
opposite of his adversary Jgrgensen. Yet Werner’s personality was too complex and self-
contradictory to be accommodated by Ostwald’s oversimplified dichotomy. At the time
of its inception, Werner’s theory was largely without experimental verification. After
giving birth to the coordination theory, the typical romantic genius of the stereotype
would have diverted his attention elsewhere, possibly on devising new, additional
theories, and left to others the long and arduous task of painstakingly accumulating the
experimental data necessary for its rigorous proof. But Werner combined the impulsive,
intuitive, and theoretical brilliance of the romantic with the thorough, practical, and
experimental persistence of the classicist. Firmly convinced of the correctness of his
views, he devoted the remainder of his career to an almost unprecedented series of
experimental researches which explored nearly every conceivable aspect of coordination
chemistry and simultaneously verified his original theory in virtually every particular.

In Figure 4 we see a small part of the fruit of this quarter-century’s whirlwind
of research activity on the part of Werner and his more than two hundred doctoral
students. I would estimate that the total number of preparations contained in carefully
labeled tubes stored in the Chemical Institute of the University of Ziirich where Werner
worked is in excess of eight thousand! Much of this research was performed in the
substandard basement laboratories nicknamed “The Catacombs” by Werner’s students.
Looking at one of these laboratories, shown in Figure 5, we may be tempted to agree
with Helmholtz that “the best works come out of the worst laboratories.” Confronted
with the physical evidence of an almost superhuman capacity for work, carried out under
primitive conditions, we can only regard Werner’s achievement as that of a man
obsessed with a dream, the dimensions of which we can never fully realize.

In fact, Werner played such a central and almost monopolistic role in
coordination chemistry that his name is virtually synonymous with the field. Even today,
almost 75 years after his death in 1919, coordination compounds, particularly metal-
ammines, are still colloquially called Werner complexes. The coordination theory not
only provided a logical explanation for known “molecular compounds,” but also
predicted series of unknown compounds, whose eventual discovery lent further weight
to Werner’s controversial ideas. He showed how ammonia could be replaced by water
or other groups, and he demonstrated the existence of transition series between ammines,
double salts, and hydrates. Werner recognized and named many types of inorganic
isomerism such as coordination isomerism, polymerization isomerism, ionization
isomerism, hydrate isomerism, salt isomerism, coordination position isomerism, and
valence isomerism. He also postulated explanations for polynuclear complexes, hydrated
metal ions, hydrolysis, and acids and bases. His view of the two types of chemical
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Figure 4. Partial view of Werner’s collection of coordination compounds at
the Universitdt Ziirich. (Reproduced from reference 9, p 82. Copyright
1967 American Chemical Society.)

Figure 5. “The Catacombs,” Universitdt Zirich. (Reproduced with
permission from reference 7, p 65. Copyright 1966 Springer-Verlag.)
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linkage, “ionogenic” and “non-ionogenic,” did much to clarify ideas of chemical bonding
a generation before the views of Kossel and Lewis in 1916 led to our present concepts
of ionic and covalent bonding. Thus, beginning with a study of metal-ammines,
hydrates, and double salts, Werner’s ideas soon encompassed almost the whole of
systematic inorganic chemistry and even found application in the organic realm. Today,
when the practical and theoretical significance of modern structural inorganic chemistry
is unquestioned, it is clear that the foundations of this field were erected largely by
Werner, who, for this reason, is sometimes honored by the designation, “the inorganic
Kekulé.”

We are now ready to examine the basic postulates of the coordination theory.
Instead of regarding Wemer’s concepts as proven facts, let us try to go back in time and
compare as objectively as possible the Blomstrand-Jgrgensen chain theory with Werner’s
coordination theory. If we can regard ourselves as contemporary spectators, we may be
able to sce the advantages and disadvantages of each theory instead of regarding the
view currently accepted, namely, Werner’s view, as correct and any other views as
hopelessly naive. If history teaches us anything, it teaches us that the latest view is not
always the best and that change is not always progress.

In his revolutionary theory, which marked an abrupt break with the classical
theories of valence and structure, Werner postulated two types of valence—Hauptvalenz,
primary or ionizable valence, and Nebenvalenz, secondary or nonionizable valence.
According to Werner, every metal in a particular oxidation state, that is, with a particular
primary valence, also has a definite coordination number, that is, a fixed number of
secondary valences that must be satisfied. Now, whereas primary or ionizable valences
can be satisfied only by anions, secondary or nonionizable valences can be satisfied not
only by anions but also by neutral molecules containing donor atoms such as nitrogen,
oxygen, sulfur, and phosphorus. Typical ligands which can be coordinated to the central
atom in this manner include ammonia, organic amines, water, organic sulfides, and
phosphines. The secondary valences are directed in space around the central metal atom,
and the combined aggregate forms a “complex,” which usually exists as a discrete unit
in solution. Typical configurations are octahedral for coordination number six and square
planar or tetrahedral for coordination number four.

In the following comparison between the chain theory and the coordination
theory, we shall confine ourselves to the most common types of complexes, namely, the
octahedral hexacovalent ammines of cobalt(IlI). Although we are concentrating on
coordination number six, Werner used similar arguments to prove the constitution and
configuration for compounds of coordination number four. This survey will be organized
on the basis of compound type, that is, in a logical, rather than strict chronological
sequence. First we will consider type MA in which the coordination number of the
central metal atom is satisfied by six ammonia molecules. We shall then proceed to
replace these ammonia molecules one at a time with other groups.

The acknowledged test of a scientific theory is its ability to explain known facts
and to predict new ones. In examining the comparative successes of the chain theory and
the coordination theory in meeting these criteria, we shall examine the metal-ammines
under two aspects—(i) constitution, that is, the manner of bonding of the constituent
atoms and groups, and (ii) configuration, that is, the spatial arrangement of these atoms
and groups.
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Constitution. In Table I is shown a comparison of the formulas and predicted
numbers of ions for a series of cobalt-ammines according to the two theories. We have
already mentioned hindsight and foresight and the necessity for historical perspective.
Please forget that modern orbital theory teaches that nitrogen can form at most four
bonds and overlook the fact that the Blomstrand-Jgrgensen formulas involve
quinquevalent nitrogen. Notice that according to the Blomstrand-Jgrgensen chain theory,
the top compound, hexaamminecobalt(III) nitrite, to use modern ITUPAC nomenclature,
should dissociate to form three nitrite ions in solution, because all three nitrite groups
are bonded through the ammonia chains. Three nitrite ions plus the remainder of the
compound, which forms a tripositive cation, results in the total formation of four ions.
Jorgensen regarded four as the maximum number of ammonia molecules that could enter
into a chain. He regarded such a chain as particularly stable, and his formulas contained
a chain of four ammonia molecules whenever possible. Loss of an ammonia molecule
from the hexaammine results in formation of the second compound, penta-
amminenitrocobalt(III) nitrite, which, according to the Blomstrand-Jgrgensen
formulation, should furnish a total of only three ions—two nitrite ions, which are bonded
through the ammonia chains, plus the remainder of the compound which functions as a
dipositive cation. The uppermost nitrite group does not ionize, because it is bonded
directly to the cobalt atom. Loss of an ammonia molecule from the pentaammine results
in formation of the third compound, tetraamminedinitrocobalt(III) nitrite, which should
furnish a total of only two ions—one nitrite ion, which is bonded through the ammonia
chain, plus the remainder of the compound, which functions as a monopositive cation.
The two uppermost nitrite groups do not ionize because they are bonded to the cobalt
atom. Loss of an ammonia molecule from the tetraammine merely shortens the one
remaining ammonia chain by one member, and therefore the resulting compound,
triamminetrinitro-cobalt(II), should form two ions in solution. Loss of further ammonia
molecules would result in the formation of nonexistent compounds.

Now let us look at the formulas and predicted numbers of ions according to
Wermer’s theory. According to Werner, loss of ammonia molecules from ammines is not
actually a simple loss, but rather a substitution in which a change in function of the anion
occurs simultaneously, that is, as each molecule of ammonia leaves the coordination
sphere, shown by square brackets, its place is taken by an anion which is no longer
bonded by a primary or ionizable valence, but instead by the secondary or nonionizable
valence vacated by the departing ammonia molecule. The charge of a complex should
be equal to the algebraic sum of the charges of the central metal ion and of the
coordinated groups. Consequently, as neutral molecules of ammonia (A) in a metal-
ammine (MA) are successively replaced by anions (B), the number of ions in the
resulting compounds should progressively decrease until a nonelectrolyte is formed and
then increase as the complex becomes anionic. How do the predictions of the two
theories jibe with the experimental facts?

Werner’s first published experimental work in support of his coordination theory
was a study of conductivities carried out during the years 1893 to 1896 in collaboration
with his friend and former fellow-student Arturo Miolati, who was later to become
professor of chemistry at the universities of Turin and Padua (Figure 6).

Kohlrausch’s principle of the additivity of equivalent conductivities of salts
provided Werner and Miolati with a convenient method for determining the number of
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Figure 6. Arturo Miolati (left) and Alfred Werner (right) in front of the
Old Chemical Laboratory on the Ramistrasse, Universitét Ziirich, January
or February 1893. (Reproduced with permission from reference 7, p 68.
Copyright 1966 Springer-Verlag.)
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ions in a variety of complexes. After having established the ranges of conductivities to
be expected for salts of various types, they were able to demonstrate the complete
agreement in magnitude, variation, and pattern between their experimentally measured
conductivities, shown in Figure 7, and the numbers of ions predicted according to the
coordination theory, shown in Table I. Their conductivity results were also concordant
with the number of precipitable halogen atoms.

For compounds of the first three classes, hexaammines, pentaammines, and
tetraammines, the electrolytic character as predicted by the two theories is in complete
agreement, and conductivity data do not permit a choice between the two. For
triammines, however, the ionic character differs radically according to the two theories,
and the conductivities of these compounds became an important and bitterly contested
issue. For some nonelectrolytes, unfortunately, Werner and Miolati’s conductivity values
were not always zero because of aquation reactions such as:

[CoCL(NH,),] + H,0 = [CoCL(NH,),(H,0)]* + CI

lNonelectrolyte 1o Cation Anwﬂ

Nonconductor Conductor

Jgrgensen immediately seized upon such so-called “discrepancies” in an attempt to
discredit their results. But in its explanation of anionic complexes and its demonstration
of the existence of ‘a continuous transition series (Ubergangsreihe) between metal-
ammines (MA) and double salts (MBy), the Werner theory succeeded in an area in
which the Blomstrand-Jgrgensen theory could not pretend to compete.

Configuration. Now let us examine the means used by Werner to establish the
configuration of cobalt-ammines. The technique of “isomer counting” that he used as a
means of proving configuration admittedly did not originate with Werner. The idea of
an octahedral configuration and its geometric consequences with respect to the number
of isomers expected had been considered as early as 1875 by Jacobus Henricus van’t
Hoff, and the general method is probably most familiar through Wilhelm K6rner’s work
of 1874 on disubstituted and trisubstituted benzene derivatives. Yet the technique of
comparing the number and type of isomers actually prepared with the number and type
theoretically predicted for various configurations probably reached the height of its
development with Werner’s work. By this method, Werner was able not only to discredit
completely the rival Blomstrand-Jgrgensen chain theory but also to demonstrate
unequivocally that tripositive cobalt possesses an octahedral configuration rather than
another possible symmetrical arrangement such as hexagonal planar or trigonal
prismatic.

The method is indirect but basically simple. Look at Figure 8. For coordination
number six, if all six positions are equivalent, four configurations are pos-
sible—hexagonal pyramidal, hexagonal planar, trigonal prismatic, and octahedral. Now
look at Table II, which shows the predicted number of isomers theoretically possible for
selected compound types according to each of the different configurations (Hexagonal
planar is a special case of hexagonal pyramidal). For compound type MA, or
hexaammines, each of the three configurations should result in the same number of
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geometric isomers, namely one, as shown in Figure 9. For compound type MAB or
pentaammines, each of the three configurations should also result in the same number
of geometric isomers, namely one, as shown in Figure 10. Therefore the number of
isomers actually found in these two cases does not permit a choice between the three
configurations. On the other hand, as shown in Figure 11, in the case of compound type
MA B, or tetraammines, the hexagonal planar and trigonal prismatic configurations
would each result in three possible geometric isomers, whereas the octahedral
configuration would result in only two possible geometric isomers. As shown in Figure
12, for compound type MA,B, or triammines, again the hexagonal planar and trigonal
prismatic configurations would each result in three possible geometric isomers, whereas
the octahedral configuration would result in only two possible geometric isomers.
Finally, as shown in Figures 13 and 14, for compound type M(AA),, that is, trisdidentate
complexes or those containing three didentate chelate groups, each of the three possible
configurations would result in different isomeric possibilities.

In most cases, the number and type of isomers prepared corresponded to the
expectations for the octahedral arrangement, but there were a few exceptions, and
Werner required more than 20 years to accumulate a definitive proof for his structural
ideas. For example, the best known case of geometric or cis-trans isomerism was
observed by Jgrgensen not among simple tetraammines MA,B,, but among salts
M(AA),B,, in which the four ammonia molecules had been replaced by two molecules
of the didentate chelate organic base, ethylenediamine (en), that is, among the so-called
praseo (green) and violeo (violet) series of formula CoCl,p2en. As shown in Figure 15,
Jorgensen regarded the difference in color as due to structural isomerism connected with
the linking of the two ethylenediamine molecules, whereas Werner regarded the
compounds as stereoisomers, that is, compounds composed of the same atoms and
bonds, but differing only in the orientation of these atoms and bonds in space.

If this type of isomerism were merely a geometric consequence of the octahedral
structure as Werner maintained, it should also be observed among simple tetraammines
MA B, which do not contain ethylenediamine. Yet, for compounds [CoCL,(NH,),]X,
only one series (praseo, green) was known. Jgrgensen, a confirmed empiricist, quite
correctly criticized Werner’s theory on the ground that it implied the existence of
unknown compounds. It was not until 1907 that Wemer finally succeeded in
synthesizing the unstable, highly crucial violeo tetraammines, cis-[CoCL(NH,),]X,
which were a necessary consequence of his theory but not of Jgrgensen’s (Figure 16).
The structure of these crucial compounds is shown in Figure 17. His Danish opponent
immediately conceded defeat.

However, even though the discovery of the long-sought violeo salts convinced
Jgrgensen that his own views could not be correct, Werner’s success in preparing
two—and only two—isomers for compounds of types MA,B, and MA,B;, was not
sufficient to prove conclusively his octahedral configuration. Despite such "negative”
evidence, it could still be argued logically that failure to isolate a third isomer did not
necessarily prove its nonexistence. A more “positive” type of proof was necessary.

As early as 1899, Werner recognized that the resolution into optical isomers of
certain types of coordination compounds containing chelate groups, which can span
adjacent or cis positions only, could provide the “positive” proof that he needed. After
many unsuccessful attempts, in 1911 he succeeded with the help of his American
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(III) Trigonal prismatic (IV) Octahedral

Figure 8. Configurational possibilities for coordination number six.
(Reproduced with permission from reference 8. Copyright 1967 The Royal
Society of Chemistry, London.)

Octahedral Hexagonal Planar Trigonal Prismatic

| A A
A A AOA
d:p. A A
K ; A N
A A

Figure 9. Predicted isomers for compound MA.. (Reproduced from
reference 25, p 23. Copyright 1977 American Chemlcal Society.)
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A
B B A
A A A B
A
A A A A Ak—— A
A A A
Octahedral Hexagonal Trigonal
Planar Prismatic

Same possibility as
for monosubstituted
CsHg derivatives

Figure 10. Predicted isomers for compound MAB. (Reproduced from
reference 25, p 23. Copyright 1977 American Chemical Society.)

Octahedral Hexagonal Trigonal
Planar Prismatic
B B B A
A B A B
B
A A A A A A
A A A
CIS (1,2) ORTHO (1,2) (1,2)
B 3 B A
A
A A
A A
A A A B Ak—- A
B A B
TRANS (1,6) META (1,3) 1,3)
B
B, A
A A
A
A A Bk—- A
B A
PARA (1,4) (1,9

Same possibilities
as for disubstituted
CsHs derivatives

Figure 11. Predicted isomers for compound MAB,. (Reproduced from
reference 25, p 24. Copyright 1977 American Chemical Society.)
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Hexagonal Trigonal
Octahedral Planar Prismatic
B B B A
A B A B
B|
A B A B A A
A B
FACIAL (1,2,3) VICINAL (1,2,3) 1,2,3)
B
B B N
A B A B
B
A A A A Ak—- A
B B A
MERIDIONAL  UNSYMMETRICAL (1,2,5)
(1,2,6) (1,2,9)
B
B, A
A A
B
B! B A B
A A
SYMMETRICAL (1,2,6)
(1,3,9)
Same possibilities
as for trisubstituted
CeHg derivatives

Figure 12. Predicted isomers for compound MA;B,. (Reproduced from
reference 25, p 25. Copyright 1977 American Chemical Society.)
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{A A\
A (A A
A A/ A A
\A A/
(one geometric
isomer )
A Hexagonal planar A A
N\ N
A A
\A )
A/ AR L A
(one pair of optical (two geometric
isomers ) isomers )
Octahedral Trigonal prismatic

Figure 13. Predicted isomers for compound M(A_A)a. (Reproduced from
reference 25, p 26. Copyright 1977 American Chemical Society.)

Figure 14. Alfred Werner’s models of the enantiomorphs of an octahedral

25

trisdidentate complex. (Reproduced with permission from reference 7, p 69.

Copyright 1966 Springer-Verlag.)
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cl
H,N NH,
Hzc/ \CH2
/ / cr
/CHz
NH,
cl
Werner
cl 1"
H,N Cl
Co cr
NH
\ 2
/CH2
CH,
NH,

Figure 15. Jgrgensen’s and Werner’s formulas for praseo and violeo
ethylenediamine isomers. (Reproduced with permission from reference 8.
Copyright 1967 The Royal Society of Chemistry, London.)
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Figure 16. Samples of compounds of crucial importance in the history of
coordination theory. Top photograph (left to right): cis-[CoCl,(NH,),ICl,
cis-[CoCl,(NH,) ,JNO; (violeo salts, 1907); racemic, d-, and I-

[CoCY( )(en),]Cl, (the first coordination compound to be resolved,
1911); -[Cr(ézo4 3], (strychninium), I-[Cr(C,0,),] (the first
coordination compound with an optically active anion to be resolved,
1912). Bottom photograph, salts of the [Co (OH),Co(NH,), 3]6+ cation
(the first purely inorganic complex ion to be resolved, 1914) (left to right)
racemic bromide; d,d-bromocamphorsulfonate; d I-bromocamphorsulfonate;
d-bromide; /,d-bromocamphorsulfonate; I-bromide. (Reproduced with
permission from reference 10, facing p 146. Copyright 1968 Dover
Publications.)
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a * a *
H;N NH;3 H;N a
H3N NH; H3N NH;
Cl NH,
Praseo (trans: 1,6) Violeo (cis: 1,2)
Gibbs and Genth (1857) Werner (1907)

Figure 17. Structures of praseo and violeo ammonia isomers. (Reproduced
with permission from reference 8. Copyright 1967 The Royal Society of
Chemistry, London.)
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doctoral student Victor L. King (Figure 18). Their resolution of cis-amminechlorobis-
(ethylenediamine)cobalt(III) salts by means of the resolving agent silver d- #-bromo-
camphor-n-sulfonate conclusively proved the octahedral configuration for cobalt(ITI)
(Figure 19) and was probably the main reason that Werner was awarded the Nobel Prize
in chemistry two years later in 1913. The structural formulas for the antipodes of this
compound are shown in Figure 20.

Because of the prevalent view that optical activity was almost always connected
with carbon atoms, a number of Werner’s contemporaries argued that the optical activity
of this and the many other mononuclear and polynuclear coordination compounds
subsequently resolved by him was somehow due to the organic chelate groups present,
even though these symmetrical ligands were all optically inactive. Any vestige of doubt
was finally dispelled by Werner’s resolution in 1914 of a compound first prepared by
Jgrgensen—a completely carbon-free coordination compound—the tris[tetraammine-p-
dihydroxocobalt(IIT)]cobalt(III) salt shown in Figure 19. These salts are compounds of
the M(AA), trisdidentate type (Figure 14), in which AA is the inorganic didentate

ligand:
H
[Co{ }O(NHS)}JBQs
H

Tris[tetraammine-p-dihydroxocobalt(IIT)]cobalt(IIT) Bromide

By any standards, Werner’s achievements are remarkable. At the very beginning
of his career, he had destroyed the carbon atom’s monopoly on geometric isomerism. In
his doctoral dissertation he had explained the isomerism of oximes as due to the
tetrahedral configuration of the nitrogen atom. Then, at the peak of his career, he had
likewise forced the tetrahedron to relinquish its claim to a monopoly on optical
isomerism. He had finally attained one of the major goals of his life’s work—the
demonstration that stereochemistry is a general phenomenon not limited to carbon
compounds and that no fundamental difference exists between organic and inorganic
compounds.

In conclusion, we must note that the validity of Werner’s structural views was
later amply confirmed by X-ray diffraction studies. Yet, despite the advent of more
direct modern techniques, Werner’s classical configurational determinations by simple
indirect methods still remain today a monument to his intuitive vision, experimental
skill, and inflexible tenacity. In the words of former American Chemical Society
President Henry Eyring, “The ingenuity and effective logic that enabled chemists to
determine complex molecular structures from the number of isomers, the reactivity of
the molecule and of its fragments, the freezing point, the empirical formula, the
molecular weight, efc. is one of the outstanding triumphs of the human mind.”
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Figure 18. Victor L. King (1886—1958), codiscoverer in 1911 with Alfred
Werner of optically active coordination compounds, Universitit Ziirich,
1910. (Courtesy of Victor R. King.) (Reproduced from reference 19, p 132.
Copyright 1975 American Chemical Society.)
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Figure 19. The polarimeter used by Werner to measure the rotation of
optically active coordination compounds (Franz Schmidt & Haensch model
no. 8142). (Reproduced with permission from reference 10, facing p 178.
Copyright 1968 Dover Publications.)

2+ 2+

en en

Cl Cl
" a “ a
NH, H;N

3
en en

Figure 20. Structures of the enantiomorphs of cis-[CoCl(NH;)(en),]X,,.
(Reproduced with permission from reference 8. Copyright 19367 The Royal
Society of Chemistry, London.)
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Chapter 2

While Waiting for Werner
Chemistry in Chains

Levi Tansjo

Chemical Center, Lund University, P.O. Box 124, S—221 00 Lund,
Sweden

The principal thoughts in Christian Wilhelm Blomstrand's chain
theory of so-called complex inorganic compounds are briefly
outlined. This theory held sway for roughly three decades until it
was superseded by Alfred Werner's coordination theory.

In his opus magnum Neuere Anschauungen auf dem Gebiete der anorganischen
Chemie (1) Alfred Werner used these words, borrowed from C.W. Blomstrand (2, p.
127), as a motto: "Es ist die Hauptaufgabe der neueren Chemie geworden, die frither
mehr oder minder entschieden molecular aufgefassten Verbindungen atomistisch, d.h.
aus der Sittigungscapacitit der Grundstoffe zu erkldren". (It has become the principal
task of the newer chemistry to explain atomististically, i.e., from the saturation
capacity [valence] of the elements, compounds which earlier have been conceived
more or less definitely as molecular).

Christian Wilhelm Blomstrand (1826-1897), Swedish chemist and mineralogist,
was professor at Lund University 1862-1895 (3). He gained an international
reputation for his inorganic experimental research and for his accurate analyses of
minerals. He was also renowned for his views on the constitution of diazo
compounds and metal complexes (coordination compounds), published in German
periodicals during the 1870s but already developed in his book Die Chemie der
Jetztzeit (Contemporary Chemistry), the 417-page treatise on the theoretical aspects
of chemistry, from which Werner took his motto.

In 1869, when Die Chemie der Jetztzeit appeared, it was the consensus among
chemists that chemistry had entered a new era — that the concepts and ideas
introduced around 1860 were so far-reaching that one could talk about a new
chemistry — and many chemists looked upon August Kekulé (1829-1896) as its true
creator. Blomstrand, however, saw nothing new in this but had stated in the
introduction to his book in bold type that the new chemistry was ‘"only a
consequential development of Berzelius' atomic theory necessarily evoked by the
force of many newly discovered facts" (2, p. 2). These words he threw into Kekulé's
camp where everyone considered Berzelius' dualistic theory obsolete when in the
1830s it became evident that electronegative chlorine atoms could be substituted for
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electropositive hydrogen atoms in organic compounds without drastic changes in the
properties of the compounds. Blomstrand did not accept this view of the ideas of his
compatriot and idol Berzelius, and he began his book with a panegyric to Berzelius'
teaching. He then gave a very learned, keen, and penetrating account of the
development of theoretical chemistry from Berzelius via the unitary and type theories
to the valence theory, especially emphasizing the importance of Edward Frankland's
and Hermann Kolbe's contributions. He recognized only one concept as new in the
new chemistry, namely the principle of atomicity (Afomigkeit, Atomizitdt,
Sdttigungscapazitdt) (valence), but he opposed Kekulé's doctrine that valence is "a
fundamental property of the atom which is just as constant and unchangeable as the
atomic weight itself" (4).

To preserve the constant monovalence of chlorine and divalence of sulfur Kekulé
had to postulate chains of oxygen atoms in, e.g., perchloric acid, sulfur trioxide, and
sulfuric acid:

H-0-0-0-0-Cl s<> H-0-0-S-0-0-H

To maintain his doctrine Kekulé also had to devise an artificial division of
compounds into afomic compounds with the atoms held together by normal affinities
and molecular compounds composed of atomic ones combined by odd forces acting
between molecules rather than between atoms. For example, Kekulé classified sal-
ammoniac (NH4Cl) and phosphorus pentachloride (PCls) as molecular compounds
and assigned them the formulas NH3,HCI and PCl3,Cl; to preserve the trivalence of
nitrogen and phosphorus.

Blomstrand rejected Kekulé's dogma of constant valence, asserting that, in
accordance with Dalton's law of multiple proportions, the valence of most atoms is
variable. As was his usual practice, he took Berzelius' teachings as his point of
departure. Berzelius had divided the elements into two groups — the oxygen group
(O, S, Se,C, Si, Sn, et al. ) and the hydrogen group (H, F, Cl, N, P, As, et al).
According to Berzelius, atoms of the elements in the O-group could combine with
other atoms individually, but those belonging to the H-group only doubled.
Consequently, he wrote, for example, the formula of ammonia as NH3 and that of
hydrogen chloride as HE} with the barred symbols ; B, and -€l representing double
atoms. Blomstrand considered this idea to be Berzelius' primary, tragic error, which
he had made in 1812 as a result of his refusal to accept ﬁally Avogadro's hypothesis.
Blomstrand eliminated this error by allowing atoms in the H-group to combine
individually, and he used formulas such as NH3 and HCI — with superscripts as
Berzelius had done —but he preserved Berzelius' dichotomy of elements because the
law of multiple proportions suggested the valences 1, 3, 5, and 7, i.e., odd ones in the
H-group and 2, 4, and 6, i.e., even ones in the O-group. Hydrogen, however, always
seemed to be monovalent, and oxygen, which he designated "king of the elements" (2,
p. 210), always divalent. Armed with these regularly variable valences, he harshly
criticized Kekulé's formulas, occasionally being polemical and ironical, before he
resolutely proclaimed in large type: "Die wechselnde Sittigungscapazitit ist eine
Grundeigenschaft der Atome" (Variable valence is a basic property of atoms) (2,
p.185).
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Blomstrand's confidence in variable valence was far from original. For example,
as early as 1852 Frankland had ascribed to nitrogen, phosphorus, arsenic, and
antimony "the tendency ..... to form compounds containing 3 or 5 equivalents of other
elements" (5) and in 1866 he explicitly had stated that "atomicity is apparently at
least not a fixed and invariable quality" [emphasis added] (6). During the 1860s many
chemists were sceptical of Kekulé's doctrine of constant valence. Many vacillated
between the two viewpoints, but Blomstrand did not. For him, the question
concerning constant or variable valence was the major, deciding factor, which had to
be settled definitively and had to include not only gases but liquid and solid
compounds as well. Blomstrand's answer, the doctrine of variable valence, later
became defensible, but it was far from defensible in 1869, the year of the publication
of Die Chemie der Jetztzeit. Gas densities of compounds like PF5 and SF¢ were still
unknown, and it was only 18 years later (1887) Jacobus Henricus van't Hoff and
Svante Arrhenius found sugar in aqueous solution to behave like a gas and sodium
chloride like a mixture of two gases. Then it finally became possible to determine
molecular weights of nonvolatile but soluble compounds. In 1869, however, the
doctrine of variable valence could be nothing more than a reasonable interpretation of
the law of multiple proportions.

Frankland cautiously stated that atomicity "apparently at least" is not fixed, but
Blomstrand threw caution to the winds and consequently committed a great error. In
the 4th section of his book (2, pp. 186-389) he postulated a peculiar theory of
variable valence that was so naive that the entire book was simply passed over in
silence. The theory, based on a mysterious "Kraft des Gegensatzes" (force of the
opposition), lived only as long as Blomstrand and had Blomstrand as its only
adherent. It did not contain one single well-defined concept and was so diffuse that it
was adaptable to all facts.

In the blurredness of his strange theory Blomstrand discussed the properties
and constitution of all types of compounds in the second half of his book. In
discussing nitrogen compounds he had to explain why nitrous acid decomposes to
form nitrogen oxide (NO) with a divalent rather than an oddvalent nitrogen atom:

3 HONO = HONOZ2 + NO + H20

Blomstrand's explanation was that the driving force of the reaction — which he
thought was the strong attraction between water and nitric acid — prevents two of
the three nitrogen atoms from appearing with any of their ordinary odd valences. He
then demonstrated the unwillingness of nitrogen atoms to form NO by citing the
reaction of nitrous acid in the presence of an amine such as aniline:

CSHSNH2 + HONO = N2 + CSHSOH + H20

In this case the mtrogen atoms have the opportunity, Blomstrand stated, of
forming nitrogen gas, N2, instead of NO. At low temperatures, however, they prefer,
as Peter Griess had found in 1858, to form "diazoamidobenzol" with a chain of 3-
valent nitrogen atoms:

2 C6HSNH2 + HONO = COHS-N=N-NHCSHS +2 H20
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Blomstrand then mentioned that Griess had found that in acidic solution, instead
of diazoaminobenzene, a salt of "diazobenzol” is formed, a discovery which had led
to azo compounds, which even in 1869 were already technically important. Of
course Kekulé had theoretically explored all these new organic nitrogen compounds
and, "with his ordinary perspicacity completely disentangled their constitution" (2, p.
271), as Blomstrand ironically expressed it. He then cornered Kekulé by comparing
Kekulé's way of describing the the diazotization of aniline with his own:

CgH5NHp,HCl + HONO = CgHsN=N-Cl + 2Hy0 Kekulé

CSHSNH3Cl + HONO = CSHSN-CI +2 H20 Blomstrand

Blomstrand delightedly pointed out that in this case the dogma of constant
valence had forced Kekulé for the first time to ascribe to an organic nitrogen salf an
atomic constitution formula and to allow the molecular compound aniline
hydrochloride to be transformed into an atomic one. In Blomstrand's description the
3-valent nitrogen atom in nitrous acid was substituted quite simply for the three
hydrogen atoms at the 5-valent nitrogen atom in anilinium chloride to give "the most
interesting ammonium compound you can imagine" (2, p. 272).

After having thus "proved" the existence of not only bonds between 3-valent
nitrogen atoms but between 3- and 5-valent ones as well, Blomstrand sought bonds
between 5-valent nitrogen atoms and quickly found them in the salts of Reiset's 1st
base ([Pt(NH3)4](OH)). Berzelius had described them as "copulated" (gepaart)
compounds, and he assigned the formula PONBEZDHACI to the chloride
([Pt(NH3)4]Clp). Blomstrand resolved the double atoms and obtained the formula

NH2.NH4.Cl
NH2.NH4.Cl

However, because 4- and 6-valent nitrogen atoms were forbidden, two hydrogen
atoms had to be moved from the outer to the inner nitrogen atoms to give the
constitutional formula

NH3.NH3.Cl
Pt
NH3-NH3.ClI

with bonds between two 5-valent nitrogen atoms. Blomstrand assumed that the
compound formed on addition of chlorine to this salt ([Pt(NH3)4]Cl) contained 4-
valent platinum and he assigned it the constitutional formula

cl
NH3.NH3.Cl

NH3-NH3.Cl
a
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Blomstrand proposed that other metals accepted chains of three S-valent
nitrogen atoms; in the case of cobalt, for example, he assigned [Co(NH3)g]Cl, the
formula:

NH3.NH3 NH3.CI

Co

NH3 NH3 NH3.CI

The dogma of variable — but either odd or even — valence then easily resulted in
constitutional formulas for compounds earlier described as double salts, e.g.:

ccce
K2=N-rg=f\?
4KCN + Fe(CN)2: Fe (modern, K4[Fe(CN)g])
K2=‘g_N=I=]
tc
and
K2=CI-CI=Cl
4KCl + CuCI2: Cu (modern, K4[CuClg])
K2=CI-CI=Cl

In theoretical questions Blomstrand was more an artist than a scientist and he
did not find it inconsistent to reject Kekulé's chains of oxygen atoms but to postulate
chains of 5-valent nitrogen atoms and chains of 3-valent chlorine atoms. He merely
regarded Kekulé's chains as unnecessary but his own chains as indispensible "to
explain atomistically ..... compounds which earlier have been conceived more or less
definitely as molecular", i.e., to live up to what he saw as "the principal task of the
newer chemistry".

Blomstrand's chain theory was adopted, modified and developed by his close
friend in Copenhagen, Sophus-Mads Jergensen (1837-1914) (7), who brilliantly
defended it until Werner in 1907 — ten years after Blomstrand's death — synthesized
cis-tetraamminedichlorocobalt(III) chloride (cis-[CoClZ(NH3) 4C1) (8). Then, with the
words: "Nu er striden afgjort" (Now the battle iS over), Jorgensen graciously
conceded defeat (9).
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Beitrag zur Konstitution anorganischer Verbindungen.
YVon
ALFRED WERNER.

Mit 17 Figuren im Text.

Unter Metallammoniaksalzen versteht man Verbindungen, welche
aus Metallsalzen dadurch entstehen, dafs sich in ihr Molekiil
Ammoniakmolekiile einschieben, -oder besser: Metallammoniaksalze
sind Verbindungen, welche nach derselben Reaktion aus Ammoniak
und Metallsalzen entstehen, nach der sich Chlorammonium aus Salz-
sdure (welche letztere ja das Haloidsalz des Wasserstoffes ist) und
Ammoniak bildet.

Die Metallammoniaksalze nach ibrer Bestindigkeit in verschiedene
Verbindungsklassen einteilen zu wollen, von denen die bestindigen
atomistische Konstitutionsformeln, die unbestindigen sogenannte
Molekiilformeln erhalten wiirden, erscheint beim heutigen Stande
der Wissenschaft als unzuléissig; wir miissen nach einem anderen
Einteilungsprinzip suchen. Ein solches ergiebt sich denn auch mit
Leichtigkeit, wenn wir die empirische Zusammensetzung der Ver-
bindungen und gewisse Eigenschaften der zu betrachtenden Korper
als leitende Momente der Einteilung benutzen.

Als erste Klasse erhalten wir dann Verbindungen, welche auf
ein Metallatom sechs Ammoniakmolekiile! enthalten oder 'sich ven
diesen ammoniakreichsten nach bestimmten, spiiter zu besprechenden
Regeln ableiten lassen.

Die zweite Klasse wird gebildet durch Verbindungen, welche auf
ein Metallatom vier Ammoniakmolekiile enthalten, und solchen, die
sich auch wieder von diesen Korpern in bestimmter Weise ableiten
lassen.

! Verbindungen, welche mebr als sechs Molekile Ammoniak auf ein Metali-
atom enthalten, sind bis jetzt nur in Aufserst wenigen Fallen nachgewiesen, und
bediirfen die betreffenden Kérper noch niherer Untersuchung.

The first page of Werner’s 1893 article, Beitrag
zur Konstitution anorganischer Verbindungen.
(Reproduced with permission from reference 1.
Copyright 1893 Z. Anorg. Chem.)
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Chapter 3

Werner’s Beitrag, 1893
A Linguistic and Epistemological Analysis

Luigi Cerruti

Dipartimento di Chimica Generale ed Organica Applicata, Universita
di Torino, Corso Massimo D’Azeglio 48, 10125 Turin, Italy

The text of Werner's Beitrag is a good test for the analysis of scientific
discourse. Some features of its context appear from a study of the
Zeitschrift fir anorganische Chemie, the journal in which the Beitrag
appeared. An analysis of the text is performed at three linguistic levels:
rhetorical, grammatical, and semantic. Werner's use of his
epistemological lexicon is discussed. The analysis throws light on a few
important points: the extreme complexity of theoretical chemical
discourse, the theory of chemical structure as an epistemological
obstacle (a@ la Bachelard), and the style of Wemer's approach to new
knowledge.

This symposium is a celebration. A century ago Werner's Beitrag was published in the
third volume of the Zeitschrift fiir anorganische Chemie (I). All of us think that this
paper is a great classic of scientific literature, both for its intrinsic value and thanks to
the lasting and loving work of George B. Kauffman (2-7). It may be useful and
rewarding to apply to this scientific classic some simple techniques of linguistic analysis.
In recent years the analysis of scientific discourse has increasingly attracted linguists
(8,9), sociologists (10,11), philosophers of science (/2,13), and, to a lesser extent,
historians of science (/4,15). The causes of this interest are in themselves obvious:
language and its uses are a producer of social relations, a place for social struggle, a
mirror of nature, and a guideline for thought. The possible depth and extent of linguistic
analysis was pointed out many years ago by the founders of modern hermeneutics.
Modern hermeneutics was opened up as a fertile field of research in Germany,
between the end of the eighteenth and the beginning of the nineteenth century. Without
further explaining the many consequences of hermeneutics as a foundation for
historical work, it may be useful to read a few words of Wilhelm von Humboldt (1776-
1835), originally published in 1836: "Language is not just a medium of exchange for
mutual comprehension, but a true world which the mind must insert, by its own inner
labour, between itself and objects". Language is a Zwischenwelt, an intermediate world,
between the mind of the observer (the speaker) and the object observed (spoken of);
moreover, "every independent author ... cannot avoid imposing his individuality upon
his language", so that "clearly and distinctly does individuality make its presence felt. It
... permits us to see into the speaker's mind" (italics in the text) (16). To be able to see
into an author's mind may seem somewhat mystical, but we may reassure ourselves
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with the lay thought of an important contemporary linguist, Michael Halliday: language
is "simply part of ourselves — the label 'natural' is entirely apt"; the quotation marks
used by Halliday remind us that "in the course of [our] semiotic activity, without
becoming aware of it we have been constructing the two macrocosmic orders of which
we ourselves are a part: the social order, and the natural order"(/7). Every description
of the natural order also pertains to the social order, and the study of Werner's paper
may suitably begin with an analysis of the role played in the international chemical
community by the journal that the young (26-year-old) Alsatian-Swiss author chose for
the publication of his long essay.

The Zeitschrift fiir anorganische Chemie

Alfred Werner (1866 -1919) sent his now-famous paper to the Zeitschrift fir
anorganische Chemie in December 1892, when this journal was only one year old. In
the first number of the Zeitschrift the publisher, L. Voss, and the editor, G. Kriiss, made
two points (/8): that the new and important results of inorganic chemistry could find no
fitting place in all-purpose journals such as Liebig's Annalen or the Berichte der
Deutschen Chemischen Gesellschaft, which were dominated by organic chemistry, and
that the new relevance of inorganic chemistry could thus be expressed only by a new
scientific journal. And secondly, that as a result of the great theory of the periodic
system of the elements, inorganic chemistry had recently renewed itself, thus making
the founding of the new journal urgent. Explaining the scope of the journal, Voss and
Kriiss called for papers in three fields: inorganic chemistry, obviously, but also
theoretical and analytical chemistry as they relate to the inorganic aspects of the
science. We may compare this program with its realization in the first three volumes of
the Zeischrift (Table I).

The international character of the journal is clear: papers were contributed from
authors in eleven different countries. An important and perhaps political exception was
France; the country was represented on the editorial board by two chemists (M.
Berthelot and A. Ditte), but no papers were submitted by French researchers. It is also
clear that Gerhard Kriiss was able to facilitate foreign scientists' access to a German
journal by providing contributors with a translation service. Authors from four out of
the eleven countries made use of this service, the translations being made by Kriiss
himself and a few other German researchers, also contributors to the Zeitschrift.

Table I. The First Three Volumes of the Zeitschrift fiir anorganische Chemie

Nation Authors Papers Transl. Inorg.  Theor.  Anal
United Kingdom 3 3 3 3
Italy 3 4 4 4
Sweden 4 3 3
Germany 34 50 28 4 18
United States 12 25 21 21 1 3
Belgium 2 2 1 2
Austria 1 2 2
Switzerland 5 8 4 3 1
Russia 1 1 1
Denmark 1 1 1
Holland 1 1 1

Totals 67 100 29 70 8 22
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The Modernity of the Zeitschrift. It may seem surprising that the number of
contributions from the United States concerning inorganic chemistry were comparable
to those from German researchers (21 vs. 28). This ‘balance' between the hegemonic
scientific power of the time, Germany's Second Reich, and the rising power of the
United States, is a conspicuous index of the journal's 'modernity’. This 'modernity' can
also be explained by the fact that Kriiss was one of the first — if not the first — German
chemists to have undertaken postgraduate research in the United States; in other words,
he had made many good contacts with American chemists.

Analysis of the different disciplinary fields shows that theoretical papers were
less than 10% of the total, and I may add they were usually short or very short and
almost invariably polemic. With regard to its length, Werner's paper, obviously listed
among the Swiss contributions, was a remarkable exception, being more than sixty
pages long. Werner's 'polemical' style will be treated later, in connection with the
interesting answer from his principal (expected) adversary, the Danish chemist Sophus
Mads Jergensen (1837-1914).

Rhetorical Analysis

In their professional papers scientists wish to persuade their readers, almost exactly as a
lawyer in a court of justice wishes to persuade his listeners. They therefore carefully
prepare the rhetorical structure of their discourse, and even its details , in order to make
the greatest impact on the audience. Werner's paper is no exception to this rule, and a
simple rhetorical analysis provides some interesting results.

The rhetorical structure of Werner's paper is outlined in Table II. After a brief
introduction of four pages. there are three sections, which the author letters A, B, and
C. With the exception of the introduction, every section or subsection has a subtitle,
and Table II gives some key words for each subsection, drawn from Werner's subtitles.
Section C contains the author's conclusions , while sections A and B deal with two
classes of compounds which contain, respectively, six ammonia molecules to one metal
atom (first class) and four ammonia molecules to one metal atom (second class). It is
clear from Table II that section A (six subsections) is more complex than section B,
which has only three subsections, those dealing with the formation of compounds, the
replacement of ammonia by water, and Werner's new theoretical conceptions about the
constitution of complex compounds.

Table IL Rhetorical Structure of Werner's Beitrag

Section A* Section B**
Sub- No.pages Sub- No. pages
section section
Formation of Metal-Ammonia Salts Al 11 BI 4.5
Double Salts All 3 -
Replacement of Water Alll 6.5 BII 1.5
Hydrates of Metal Salts AV 2 -
Salts in Aqueous Solutions AV 35 -
A Concept of the Constitution AVI 5 B III 11

*Preceded by the Introduction of 4 pages.
** Followed by Section C (Conclusions) of 9 pages.
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Thus section B is simplified because double salts, hydrates, and solutions are
only discussed for the first class of compounds. It is easy to conclude that the
experimental basis for the first class of compounds alone supports the important
relationships between complexes, double salts, hydrates, and the physical chemistry of
solutions. Moreover, those topics common to both sections are allotted very different
amounts of space: in section A, 16.5 pages are devoted to the formation of compounds
(A1), the replacement of ammonia molecules by water molecules (A III) is allotted 17.5
pages, while the theoretical discussion (A VI) occupies five pages; in section B the
experimental topics (B I and B II) take up six pages, whereas the theoretical discussion
extends to eleven pages. It is fair to conclude that the first subsection is the actual
foundation of the whole argument.

Dispositio. From the above analysis of the disposition and textual length of the topics,
it is clear that Werner preferred a rhetorical order going from the strongest points to the
weaker ones. This is actually one of the three possible orders (or Dispositiones) of
classical rhetoric, but it was not considered to be the best (/9). However, Werner's
choice is confirmed in the critical A I subsection. The discussion of the complexes of
trivalent metals (7 pages) is followed by those of tetravalent (2 pages) and divalent (2
pages) metals, with a completely different rhetorical order from the logical or 'cardinal’
order that Werner spontaneously follows in his discourse. In the text there are three
enumerations of the three types of metal cations, but two are in order of increasing
valency (WB:281,282), and one is in order of decreasing valency (WB:271). (WB is
Werner's Beitrag, followed by the page cited) . From the point of view of classical
rhetoric, Werner, the young scientist, was not an able pleader.

Confirmation by a Witness. The results of my very simplified formal analysis are
confirmed when we look at Werner's paper through the eyes of an exceptional witness.
Jergensen 's answer to the Beitrag was quick and interesting: he sent a long paper (51
pages) to the Zeitschrift fir anorganische Chemie only two months after the
publication of Werner's paper (20). Jergensen quotes Werner's text verbatim nine times;
all his quotations are from section A, but the critical subsection A I is quoted no less
than six times, so clearly Jorgensen's attention is directed mainly toward the first sub-
section, on the Bildung (formation) of compounds, i.e. Werner's interpretation of the
experimental foundation of the theory that he was proposing.

Another meaningful feature emerges if Jorgensen's quotations are linked to
Werner's use of the important personal pronouns ich and mir (I and me). In the 31
pages of section A, Werner uses personal pronouns in the first person singular only
four times, four words out of 7000. The first occurrence (mir, WB:277) is quoted by
Jorgensen, and two others are in close proximity to quotations. It is evident that
Jorgensen wishes to talk to Werner, and that — in a sense — he is meeting the younger
scientist. (The two scientists were never actually able to meet (3)). The grammatical
trail of the personal pronouns is worthy of interest, and I will follow it in the next
section.

Grammatical Analysis

From the viewpoint of the conscious control of speech, the grammatical level of the
discourse is intermediate between the rhetorical and the semantic levels. Thus it is of
interest to try to delve more deeply into Werner's scientific discourse. In this section I
will treat some grammatical features of Werner's Beitrag, and in the next section I will
go 'down' to the semantic level.

At the very beginning of the paper we find a clear example of way that certain
grammatical features can reflect the author's epistemic preferences. In the introduction
to his treatise, Werner presents the classes of compounds that will be treated in the
following sections. The first class — six ammonia molecules to one metal atom — is
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introduced with these words: Als erste Klasse erhalten wir dann Verbindungen
(WB:267), i.e.: "As the first class we thus obtain compounds" (KT:9, from Kauffman's
excellent translation (2)). The second class — four ammonia molecules to one metal
atom — enters the discourse thus: Die zweite Klasse wird gebildet durch Verbindungen
(WB:267), i.e.: "The second class is formed by compounds" (KT:9-10), while a third
class, neglected in Werner's paper, is mentioned with these words: Eine dritte Klasse
endlich bilden diejenigen ammoniakalischen Metallsalze,... (WB:268), i.e.: "Finally, a
third class is formed by those ammoniacal metal salts, ..." (KT:10). Here we have the
grammatical proof of a hierarchy of scientific interest: for the first class — the most
important — the active subject is wir, i.e., we, the chemists; for the second class — less
useful — we find a passive form, and the Klass becomes the grammatical subject; lastly,
the third class — neglected — is the object of the grammatical action of certain
Metallsalze. There is a grammatical trend from the protagonists of the profession, to
one of their theoretical items, to chemical substances.

Who Is Speaking? As subjects of his statements Werner uses various pronouns, both
personal and impersonal, but for almost the entire argumentation the preferred subject
is wir (we). In the critical subsection A I 1, on the hexacoordinate complexes of
trivalent atoms, the author uses the first person plural (wir) 16 times before presenting
himself as a critic of the Blomstrand-Jergensen theory: dieselbe erscheint mir deshalb
unhaltbar (WB:277), i.e.: "therefore this [theory] seems to me to be untenable"
(KT:21). This is the first time that Werner separates himself from the protective wir,
which many times means "I, the writer, and you, the reader", sometimes indicates the
pertinent audience (we, the chemists), and yet in other occurrences is simply referring
to other parts of the text (WB:275,276).

As a German speaker, Werner uses the indefinite pronoun man (one). Many
times in the scientific literature man is used as the subject of an active verb, where in
English the passive construction is preferred. However, the German pronoun is very
versatile: man embraces singular and plural concepts and can include a range of
meanings extending from the personal "I" to the "whole of mankind" (27). Wemner's
uses of this 'umbrella' pronoun cover a large range of situations. Man may be Werner
himself, when he is suggesting that the reader follow his train of reasoning (WB:289),
or it may be all chemists (e.g.,WB:267,279,281,285, efc.), some chemists (WB:323),
and sometimes a single chemist, the subject either of a possible action (WB:288) or of
an impossible action (WB:303,323).

Werner Speaking. We have seen that in Werner's Beitrag the occurrences of personal
pronouns in the first person singular are very rare. The text of the Beitrag consists of
more than 40,000 words, but there are only 13 occurences of these pronouns (cf. the
179 occurrences of wir). It is obvious that his direct participation in the dialogue with
the reader has a special meaning for the author. The appearance of ich/mir is very
sporadic before the final considerations, where we find 8 occurrences in 9 pages,
whereas in the preceding 55 pages we find only 5 occurrences. Of these, only one is
trivial (WB:308); two others are at points where Werner is in some difficulty
(WB:281,293), and the last two underline important steps in Werner's argument
(WB:277,294). Without doubt, from this grammatical point of view, the conclusions
are exceptional because the author speaks directly and responsibly to his colleagues.
Thus the analysis of the occurrences of these pronouns affords a quick reading of
Werner's theoretical and professional intentions.

The first occurrence is so relevant that I will discuss it in two other sections of
this paper. Thus the whole passage deserves to be quoted: glaube ich die Uberzeugung
aussprechen zu dirfen, dass diese Ansicht richtig ist, trotzdem sie sich in Gegensatz
stellt zu unseren heutigen Ansichten iiber die Konstitution der Verbindungen, wie sich
dieselben aus dem Studium der Kohlenstoffverbindungen herausgebildet haben

(WB:323), i.e.,"I believe th%l&rma state the conyiction.that this view is correct, even
ein Chemical Sociel]
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though it stands in opposition to our present views on the constitution of the
compounds, as these have evolved from a study of carbon compounds"(KT:80). The
first ich in the conclusions puts the author in opposition to the chemical community; it
is remarkable that Werner stresses that his complex theory (the first view of the
passage) contradicts his own opinions (our views!) based on the theory of carbon
compounds. In the following two occurrences the author is promising future
development of the theory, both against the dominant theories (WB:324) and toward a
unifying theoretical principle (WB:326, note). The fourth and fifth occurrences are
when Werner defines two relevant concepts of his theory: the coordination number
(WB:326) and the coordination positions at the corners of the complexes (WB:328).
The sixth occurrence is again in a deictic context (an engagement for the future), and
the seventh is close to a citation of Arthur Hantzsch (1857-1935), a form of
acknowledgment to Werner's teacher. The last occurrence in the paper, like the first in
the conclusions, deserves a long quotation: Ich iibergebe [diese Entwickelungen] dem
Urteil der Fachgenossen als eine Auffassung der chemischen Verbindungen, welche ...
auf breiter Basis aufgebaut ist, als die nur aus den Kohlenstoffverbindungen
abgeleitete Theorie von Valenz als Einzelkraft (WB:330), i.e., "I deliver [these
developments] to the judgment of my colleagues as a concept of chemical compounds
which ... is constructed on a broader basis than the theory of valence as a single force,
which is derived only from carbon compounds" (KT:88). This last ich closes both the
paper and, at the same time, the gap which he had opened with the first ich of the
conclusions. With the first ich, Werner had underlined the separation between his
Uberzeugung (convinction, persuasion) and that of other chemists; here, with the last
ich, he delivers his results to the Urteil (judgment, opinion) of his colleagues. The gap
is closed, and the hard, even harsh word Gegensatz (contrast, opposition, conflict)
used with the first occurrence is forgotten.

Semantic Analysis

The professional dialect (22) of chemists is extremely complex, as all chemistry teachers
know from their students' doubts and difficulties. Werner's language is not an
exception, as a few examples will show. The following one is a typical interpretation of
a chemical 'fact’: "in LUTEOCOBALT CLORIDE Co(NH3)gCl3 all three CHLORINE afoms
behave as ions and are immediately precipitated as SILVER CHLORIDE by SILVER
NITRATE at room temperature" (KT:15). In this passage we find the names of four
macroscopic substances (in small capitals) and of two microscopic objects (in italics);
these two different ontological levels are openly mixed in the laboratory operation of
precipitation, a 'fact' that occurs at a macroscopic level but is described/interpreted at a
microscopic level: all three atoms are precipitated as silver chloride. Moreover, in the
passage a formula (in bold type) describes the chemical constitution of a molecule; the
formula is a theoretical item and points to a third different ontological level, that of the
chemical discourse itself (a particular 'universe of discourse'). The three levels — the
macroscopic level of the substances, the microscopic level of the particles and the
linguistic level of the theoretical descriptions — are always intermingled, often with
ambiguous results and sometimes with humorous effect.

The Seventh Water. As an example of ambiguity we may read this statement,
referring to Pt(NH3)X5 compounds: "simultaneously with the replacement of the acid
residue by OH an intercalation of WATER takes place" (KT:58). Clearly, WATER is
shorthand for WATER molecule, but it is true that in the quoted text all three
ontological levels seem to interact very smoothly in the simultaneous
replacement/intercalation of substances, particles, and descriptions. The ambiguity is
resolved when we ask ourselves where the 'facts' happen. The answer is that the entire
statement is decoded (by a chemist) at the linguistic level of the formulae. Many more
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examples could be given, but I think that the point is clear: in 1893 and in Werner's
writing this ambiguity is already intrinsic.

As chemists, we are so accustomed to this ontological ambiguity that we read
passages such as the following with no surprise: "Miiller-Erzbach has shown that
according to the dissociation tensions of the sulfates of magnesium, nickel, and cobalt
the seventh water is bound more weakly than the six others" (KT:35). As usual, a
macroscopic measure is interpreted at the microscopic level, but the seventh water
(siebente Wasser, WB:288), with its six stronger sisters, is still somewhat absurd.

Laboratory Bench & Conceptual Space. Translation is one of the most diffuse and
one of the most fruitful hermeneutic activities (23), and simply to open a dictionary
may serve to provide a preliminary understanding of the different semantic fields in
which a word works. Werner frequently uses the verb ableiten: of its several meanings,
in the transitive form it means "to derive, to deduce, to infer", and in mathematics it
may mean to differentiate; in chemistry, in the reflexive form, it means to be derived
(from another substance). In certain contexts Wemer is fond of this verb, with
interesting consequences from the semantic point of view. We may take into account
two occurrences separated by only 11 lines (WB:305); both the occurrences concern
the chemical behavior of certain complexes. In the first passage we read: "the behavior
of the platosammine salts does not correspond with that deduced (sich ableitet) from
this formula" (KT:57); here the actions expressed by the verb are a set of deductions
and analogies based on theoretical chemical knowledge. In the second passage we find:
"our view [is supported] by the behavior of the compounds derived (sich ableitenden)
from PLATOSAMMINE CHLORIDE by substitution of SO3H for CHLORINE. These do not
behave like SULFITES OF AMMONIUM SALTS" (KT:57). The second statement makes it
clear that the behavior in question is that of chemical substances on a laboratory bench
and that Werner is speaking about a chemical derivation. However the 'substitution’
"SO3H for CHLORINE" may only be 'performed' in an equation. This reference to
different but coexisting 'spaces' is really ambiguous in other occurrences of ableiten.

No less than three occurrences with different meanings may be found on the
same page (WB:303); the first time the reference is to the theoretical space of
formulae: "compounds ... which can be derived (sich ableiten) from this formula"
(KT:54). The second time, the space is that of chemistry laboratories: "those [salts]
which are derived (sich ableiten) from divalent platinum ... have been very well
investigated" (KT:54-55). But the third time, three spaces are completely mixed: "we
were able to derive (ableiten) from compounds of the formula M(NH3)X3 a complete
transition series to the DOUBLE SALTS by successive loss of AMMONIA and3 a change in
function of the negative radicals"(KT:55). The loss of ammonia may happen only in
the macroscopic laboratory, the change in function concerns microscopic entities, and
— finally - the act of ableiten is here purely textual (or theoretical) because the subject
of the (many) actions is the ubiquitous wir, i.e. , (here) Wemer and the reader.

Semantics and Conceptual Reference. In point of fact Werner's Beitrag was
(and is) clear for every native reader, that is, for chemists living in 1893 (also for all
chemists now living ) able to read German texts. The various ontological levels, or the
various spaces referred to, are disentangled only when the reader's attention , or the
writer's intention, is focused on a specific 'level' or 'space’, e.g., laboratory instructions,
statements on the constitution of microscopic particles, or discussions about the
cognitive value of formulae. The natural chemical - discourse is understood by native
speakers with no ambiguity because the reference is overwhelming by a "conceptual
reference.” These terms are used by Gilbert and Mulkay, who state that in scientific
discourse "The pictures do not refer directly to empirical phenomena but to conceptual
entities or idealized versions of observable phenomena" (10). As is stated in the title,
Wemer's paper is a Beitrag zur Konstitution anorganischer Verbindungen, a
contribution on the constitution of inorganic compounds: the most important ‘objects'
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referred to in the treatise are the now-famous octahedra (WB:298,300, etc.), depicting
the constitution of hexacoordinate complexes. These octahedra were new, extra-
ordinary landmarks in the unfamiliar conceptual space created by Werner.

An Epistemological Lexicon

Beginning in 1819, in his lecture course at the University of Berlin, Friedrich
Schleiermacher (1768-1834) , one of the founders of modern hermeneutics, taught that
"the precise interpreter must gradually derive all of his conclusions from the sources
themselves." A hermeneutical reader must be very suspicious, in particular — said
Schleiermacher — he has to consider that "all of the information about a language
which dictionaries and other resource works supply represents the product of particular
and often questionable interpretation"(24). In the last section we opened a German-
English dictionary for a first hint about semantic fields, but a "precise interpreter” has to
draw up at least fragments of the lexicon used by the particular author whom he is
studying. I will now consider a few fragments of Werner's lexicon.

At a rough estimate, the number of different words in the Beitrag is more than
a thousand. These words constitute a general lexicon in which we find many words
used in normal, 'natural' speech, but it is easy to single out several more specialized
sections of the lexicon. For example, in chemical discourse many words have a specific
chemical meaning (e.g., base, reaction, equation). In the context of my research I am
particularly concerned with the epistemological section of that lexicon. As we know,
epistemic discourse is — by definition — discourse about knowledge, its forms, order,
structure, value, nature, and so on; its scope is vast, and its study presents some
problems.

Difficult Words. Words may be 'problematic' from different points of view. In the
preceding section I considered some different meanings of ableiten, referring to
different levels of the reality. A word such as Betrachtung (consideration, examination,
reflection) seems to be less doubtful. In many cases (WB:289, 290, 293, erc.) it
functions as a rhetorical device: bei der Betrachtung (WB:285), i.e. , "in considering"
(KT:31), but in other cases the meaning is strictly epistemic, as in certain Kauffman
translations: observations (KT:46, twice), view (KT:58), considerations (KT:79). Thus
this word functions at the border between rhetoric and epistemology.

Another type of problem is found when we try to understand Werner's use of
the word Vorstellung. 1t is a key word because it appears in the titles of both the sub-
sections in which Werner proposes his new theoretical views of complexes
(WB:297,310). The word also reappears in the conclusions with 3 occurrences
(WB:325). In all five occurrences that I have counted, Kauffman translates Vorstellung
as "concept ," with a conscious (and conscientious) rigour (KT:47,63,83). As an Italian
reader, when I read the titles of the subsections where all 17 figures of the text are
concentrated, my silent translation was rappresentazione (representation, i.e.,
Darstellung). My interpretation was supported by the presence in the same contexts of
the verb vorstellen, which Kauffman aptly translated as "represent” (KT:47) and
"imagine" (KT:64). Without going too far in triangular considerations of theoretical
terms in German, English, and Italian, I should like to remind the reader that the title of
Schopenhauer's famous work Die Welt als Wille und Vorstellung (1819) is translated
into English as The World as Will and Idea, while in Italian the traditional translation is
Il mondo come volonta e rappresentazione ( French philosophers translate
représentation). Perhaps every reader finds his or her own difficulties, bound to the
personal Zwischenwelt in which he or she lives.

The Lexicon. Werner's epistemological lexicon is particularly rich (more than 250
words), but more than its simple extent, it is interesting to examine more closely how
the author uses this thesaurus. We have already seen the distribution in the text of rare
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or very rare words (ich, Vorstellung). Now we may consider a few families of words,
centered on important epistemic roots. From a single stem* a set of words may be
derived by substituting  the asterisk with suffixes, according to the inflexional
properties of the language (25). The first family has the common stem entwickel*; these
German words mean to develop, development, developed, and so on. We see in Table
III that this word-family appears frequently in the text, totaling 33 occurrences, with a
strong concentration in the final part of the paper. (The last column of Table III
corresponds to the final considerations of the Beitrag). Another important stem is
Beziehung* (relation, relationship), with 27 occurrences scattered through the text.
Relationship is a key word for a paper with as wide a scope as the Beitrag: the high
‘concentration' observed in the text between pages 282 and 294 (partially 'diluted’ in
Table III) is due to the discussion on the constitution of double salts, the ability of
water to replace ammonia in metal-ammonia salts, and the relationships between
hydrates and double salts. The third family considered derives from the stem thatsach*
(fact, actual, really); its distribution is relatively uniform, with a meaningful
concentration in the conclusions. Because the same thing happens to the other two
families, we obtain two results: Section C of the Beitrag is epistemologically crowded,
and the word 'fact' is laden with theoretical meanings. A third result comes from the
distribution throughout the text of the three families because text linguistics assigns an
important role to words recurring often in a text: from a semantic point of view, this
type of word is a device for textual cohesion (26). These three families function as
epistemic threads in the fabric of Werner's text.

Table III. Werner's Epistemological Lexicon

Occurrences in Werner's Beitrag

Pages 267-270 271-280 281-290 291-300 301-310 311-320 321-330
entwickel* 3 - 4 4 5 2 15
Beziehung* 1 2 9 5 1 1 8
thatsach* 1 4 2 3 4 4 9
hapaks 7 1 10 7 6 7 65

*German stems.

Hapaks legémenon. One of the most puzzling results of my linguistic research
on the Beitrag is reported in the last line of Table III. While I was filing the text, to my
disappointment the number of new cards for each page did not decrease; on the
contrary, toward the end of the paper, new words were found very frequently. The
fourth line of Table III shows the occurrences of epistemic words that appear in
Werner's text once and only once. In classical philology such words are known as
hdpaks legomenon (Greek, said once) or, for short, hdpaks. The epistemic hdpaks that
I have filed are 103, and 61 of these appear in the final nine pages of the paper (section
C). Very important words, such as glaube (I believe), Uberzeugung (convinction),
Urteil (judgment), Gegensatz (opposition), are found only in the concluding section.
The concentration is really enormous: Werner is using a special, new lexicon at the end
of his writing.

When I convinced myself of the richness and of the prodigious availability of
Werner's epistemological lexicon, I remembered a trait of his scientific personality well
described by a biographer: "On his laboratory table stood several microburners and
microfilters, together with several hundreds of small glass dishes, whose contents were
of all colors. Although none of these dishes was labeled, [Werner] was quite sure that
confusion was almost an impossibility"(27).
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Sophus Mads Jergensen and Other Readers

Normally speaking, when a scientist is reading a paper of a colleague's, he pays more
attention to the content than to the form, but if the content clashes with his ideas or
threatens him with a loss of prestige, the rhetorical form becomes important. This was
the case with Sophus Mads Jergensen, whose works provided the experimental
foundation for Werner's theoretical construction (2, 3).

Werner was keenly aware of his indebtness to Jergensen, and in the Beitrag the
many citations of the Danish chemist's name are surrounded with terms of high praise:
"a large number of beautiful experimental investigations" (KT:12); "we know such
compounds through Jergensen's latest investigation" (KT:32); "as was undoubtedly
proven by Jergensen's fine works" (KT:37); "as we know from Jergensen's beautiful
works" (KT:49); "the recognition of the configurations ... as made possible by Jergen-
sen's beautiful works" (KT:76). In certain cases Werner's use of the senior scientist's
results was somewhat impudent: "another observation of Jergensen's also supports our
view" (KT:72), but on the whole Werner's polemical rhetoric is extremely effective.

In a nutshell, if Wemner's attack against Jergensen's theories became too harsh,
it was transformed, more or less consciously, into an assault against Jergensen's-and-
another's theories. Without going into detail, I quote three passages from subsection A
I, where the Blomstrand-Jorgensen theory is discussed at length: "Jergensen's formula
for the luteo salts explains why ..." (KT:17); "So far the facts agree with Jorgensen's
formula" (KT:18); and finally: "this behavior is no longer explained by Blomstrand-
Jorgensen formulas" (KT:19). (In reality, Werner held C. W. Blomstrand (1826-1897)
in high esteem (36).)

Returning now to Jergensen's paper cited above (20), it is enlightening merely
to read the first page. The Danish scientist speaks of "a new theory" (twice), of a "new
point of view", "new light", "new interest", and of the young author's (Werner's)
"unmistakeable talent”. But two other points of this opening page are more
‘philosophical' than Jergensen's surprised praise. The first statement is strikingly
modern: "Actually the new theory does not collide with that developed by Blomstrand
and myself. They rather lie on different planes." Such a judgment on the
incommensurability of scientific theories might have been quoted from a paper of the
contemporary "epistemic libertines"(/2) such as Paul Feyerabend (37). The second
statement is more dated, being linked to the historicism prevailing in the German-
speaking culture of the nineteenth century: "Even if valence is hitherto something
unclear, however, it is introduced into science from historical necessity (mit
historischer Notwendigkeif)." This "historical necessity" of the direct valence theory
was one of the biggest cultural obstacles in the way of the renewal of inorganic
chemistry. (See below on Mendeleev's and Werner's denial of this 'necessity").

Many years ago Kauffman aptly stated that the controversy between Werner
and Jorgensen was "a fine example of an ideal scientific discussion" (3), and my
linguistic trails simply confirm this judgment. But Kauffman has collected the opinions
of other readers, which deserve to be reported here too. Victor Meyer (1848-1897): "I
am truly delighted with the theoretical-inorganic paper of A. Werner! These are really
new thoughts" (2); Emil Fischer (1852-1919): "this work bears witness to an
extraordinary talent for treating a whole series of apparently divergent facts from new
unified viewpoints", and, lastly, Werner's own mentor, Arthur Hantzsch: "the most
significant [work] that has appeared in years in the field of pure chemistry; truly
revolutionary"(4). It is a pity that the historian has to work so hard in order to gain the
same enthusiasm felt by contemporary readers.

Werner's Epistemology

Every scientist, as well as every philosopher, has a twofold epistemology: one is
implicit, used in his or her struggle to find new truths, and the other is explicit, openly
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declared or discussed in his or her writings. This second aspect of the scientist's
epistemology is intrinsically bound up with his or her rhetoric, as we may see in the
following example. At a crucial point of the Beitrag, Werner states that in the
complexes of formula (MAg) "all ammonia molecules, all water molecules, and all
acid residues are bound directly to the metal atom"(KT:43; WB:294, emphasis in the
text). Before this statement Werner says: "As a conclusion (Schluss) to all these
considerations (Betrachtungen), I propose the following proposition;" soon after that
striking theoretical statement the author refers to "the numerous facts (Thatsachen)
which have led us to the above conclusion (Schluss)." As a matter of fact, Werner's
rhetoric suggests an extraordinary change. Werner's Betrachtungen were personal ("I
propose"); after ten lines they become Thatsachen, and it is said that these "have led"
the author and the reader ("us") to a conclusion which breaks the dominant valence
paradigm.

As a historian, I am more interested in the 'covert' epistemology of the scientist,
which is much more variable than the 'overt' one. Werner's covert epistemology is really
classic, as is easily seen in the epistemic structure of the Beitrag. At the opening of
the paper, what seems "inadmissible" to the author is simply the classification of metal-
ammonia salts according to their stability. He states that a new "principle of division ...
easily emerges if we use the empirical composition of the compounds and certain
characteristics of the substances in question as the leading features of the classification"
(KT:9). The empirical composition is surely the most fundamental chemical property of
substances, just as the problems of classification are the most classic ones in chemistry.
Werner manages to bring forth his reasoning without the help of electrochemistry until
almost exactly the midpoint of the paper. Conductivity comes on the stage on page 295,
whereas the Beitrag begins on page 267 and ends on page 330. From a linguistic point
of view it is interesting to note that Werner uses (KT:44,45,46) three differents words
for "conductivity": Leitvermogen (WB:295), Leitfdhigkeit (WB:296) and
Leitungfahigkeit (ibid.). Epistemologically, this confirms that when he sent the paper to
Kriiss's Zeitschrift, Wemer was more an enthusiast for electrochemistry than a
professional electrochemist. (Here I am echoing the evaluation eine geniale Frechheit
(an ingenious impudence) given by a colleague of Werner's to the Beitrag (4).) And it is
exactly in this context that Werner begins to lay his siege to the dominant position of
carbon chemistry in the science: "the more the element deviates from carbon in its
electrochemical properties, the more easily will water insert itself into the bonding", "in
such a way that direct bonding between the metal atom and the acid residue can no
longer take place", and the electrolytic dissociation of the salt takes place (KT:45-46).
At the end of this subsection the crucial Vorstellung of the octahedral constitution of
the hexacoordinate complexes begins.

The first strong attack upon the concept of valence follows two pages later:
"the difference in valences is a somewhat obscure concept because valence itself is not a
clear concept" (KT:49). (This is one of the passages quoted verbatim by Jergensen
(20); see also (7).) The attack is prepared at a metaphorical level with many nouns,
verbs, and adjectives belonging to the semantic field of the opposition obscure/clear,
and is followed by a triumphant exclamation: "Thus a stereochemistry of cobalt
compounds and platinum compounds appears alongside the stereochemistry of carbon
compounds and nitrogen compounds!"(WB:300; KT:50).

An Epistemological Obstacle

The most formidable obstacle to the modern theory of complexes was the enormous
success of the structural theory of organic compounds. In 1938 the French philosopher
Gaston Bachelard wrote at length of the epistemological obstacles encountered by
scientists on their ways toward new and wider horizons of knowledge. A decisive
obstacle is always the content of scientific knowledge itself (28). With an obvious
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metaphor: every beam of light makes the objects that it illuminates throw shadows; the
stronger the light, the deeper the shadows.

Wermner was perfectly aware of the relative situation of his (and of his
colleagues') knowledge. War against the supremacy of organic chemistry had been
declared by Dmitrii Mendeleev (1834-1907) (29,30) many years before the Beitrag, but
the Russian chemist's fight was not yet over (37,32), Thus we may compare the moves
of the two scientists in their difficult epistemic game against the central role of carbon.

Checkmate in Three Moves. Both the senior scientist and the junior researcher
placed carbon, as an element, against the background of the entire system of chemical
knowledge. For them it had become clear that knowledge of this element had been
in a sense misleading. In his Faraday Lecture of June 4th, 1889 Mendeleev said: "it is
only to carbon, which is quadrivalent with regard both to oxygen and to hydrogen, that
we can apply the theory of constant valency and of bond"(3/). Immediately after
having defined the coordination number, the most important theoretical concept of his
paper, Werner writes: "the coordination number and the valence number ... are the
same for carbon, and therefore it appears probable that this accidental coinciding of the
’3»(/0 nut)nerical values for carbon has prevented the differentiation of the two concepts"
T:85).

Both scientists felt the heavy weight of the historical success of carbon
chemistry. In a speech to the Royal Institution, delivered on May 31, 1889, Mendeleev
admitted that "the modern teaching relating to atomicity, or the valency of the elements
[is] to be ranked as a great achievement of chemical science", but he added, "this
teaching as applied to the structure of carbon compounds, is not, on the face of [its
successes], directly applicable to the investigation of other elements" (32). We have
seen that Werner overcame the "historical necessity" of the structural theory, with a
resounding ich and with the cutting word Gegensatz. However, in addition to their
rebuttal of carbon as a model element and their rejection of the rush of applications of
the structural theory, both scientists play a third move, aiming at the conquest of a
higher vantage point for the chemical 'facts'.

Mendeleev, who was arguing for a chemical mechanics founded on Newton's
laws, plainly said that "it [was] time to abandon the structural theory" because "it [was]
possible to preserve to chemistry all the advantages arising from structural teaching,
without being obliged ... to ascribe to atoms definite limited valencies, directions of
cohesion, or affinities"(32). Werner played his third move at the end of the Beitrag,
where he 'spent' the last ich "on a broader basis [for chemistry] than the theory of
valence as a single force" (KT:88).

Masters of the Critical Tradition. Werner's epistemology was brave but flexible, and
in this respect it was closer to Meyer's (33) than to Mendeleev's (34). However, the
three masters were fully aware of the historical nature of scientific truth; in the five
editions of his Modernen Theorien der Chemie Lothar Meyer (1830-1895) continually
criticized and changed his views on the problem of constant or variable valence (33). In
his Faraday Lecture Mendeleev affirmed that: "sound generalizations — together with
the relics of those which have proved to be untenable — promote scientific productivity,
and ensure the luxurious growth of science"(3). Werner, in the introduction to the
Beitrag, wrote that "for a better understanding” a brief historical summary must be
given, and that it was "not surprising that the views of the constitution of these
compounds, which follow[ed] the development of theoretical chemistry, [had]
undergone many changes with time"(KT:12).

Kauffman has remarked that Werner worked on several organic topics, and that
45 of his 174 publications were in organic chemistry (2, 35). The finest feature of the
critical tradition in the chemistry of the nineteenth century was the awareness that the
different branches of chemical science require at all times to be unified within a
common, theoretical point of view. This endeavor never completely succeeded, but
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masters such as Mendeleev, Meyer, and Werner were scientifically omnivorous. Werner
confessed: "chemical work was always a pleasure for me, and I have experienced the
purest pleasure in the laboratory" (4). And organic chemistry was (and is) a splendid
pleasure ground (for a master).

Conclusion

The results of the linguistic and epistemological analysis of Werner's Beitrag agree with
what I have found by analyzing other texts, by Stanislao Cannizzaro (38), Dmitrii
Mendeleev (30), and Lothar Meyer (33). The epistemic nature of scientific discourse
requires that all the language levels — rhetorical, grammatical, semantic — become
functional to the twofold aim of demonstrating in words new aspects of knowledge and
of gaining acceptance from the peer community. The analysis of Werner's Beitrag also
confirms that "each author's discourse is organized to display its own factuality" (17).
The description of the ‘facts' of inorganic chemistry in Werner's discourse is brand-new
and deserves all the devices of language to be mobilized. From a less technical point of
view the analysis has shown moments of difficulty, challenge, and achievement in
Werner's writing.

The grammatical trail of the pronoun ich has shown itself to be particularly
fruitful, and in this connection I regret that in current written scientific language the
pronoun "I" has almost disappeared: "prevailing custom, alas, is ... against the use of
the first person singular" (39). In regard to Alfred Werner's 'style’, I am not able to give
a literary judgment so I quote Hantzsch's words about Werner's Habilitationsschrift,
Beitrag zur Theorie der Affinitit und Valenz (6). These words were written in
December 1891: "punctuation and style are also frequently careless or at least seem so;
for example, the subjects in main and secondary clauses change almost regularly. ...
Such faults are ... excusable in the case of Herr Dr. Werner, an Alsatian" (4).

We are speaking here in honour of a strong and energetic man. Werner
deserves to be remembered by a Zen verse (40):

Nothing whatever is hidden,
From of old, all is clear as daylight.

This is true in many cases for the great theorists. This is certain in the case of Werner's
Beitrag, because — as we know - it contains no new experimental facts, and the
atomic model used by Werner is easily traced back to Jons Jacob Berzelius (1779-
1848) and to his electrochemical theory (47). As Thomas Kuhn has stated (42), many
important developments in theoretical thought occur because the scientist experiences
a sudden shift of perception of the pertinent field of knowledge; with a flash of insight,
the form, the Gestalt of the field changes to the eyes of the observer. Werner
experienced this Einsicht and the Beitrag was the result.
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Chapter 4

J. V. Dubsky and His Participation
in Werner’s Coordination Theory

Frantidek Jursik! and George B. Kauffman?

!Department of Inorganic Chemistry, University of Chemical Technology,
Prague, 166 28 Prague 6, Czech Republic
2Department of Chemistry, California State University,
Fresno, CA, 93740

The so-called violeo salts (salts of the cis-[CoCl,(NH,),]
ion), which played a key role in Alfred Werner's
coordination theory, were first prepared in 1907 by the
Czech chemist J. V. Dubsky (1882-1946), who began his
career in 1904 as one of Werner's Doktoranden in Ziirich.
The first attempt to resolve an octahedral complex into
enantiomers is also connected with Dubsky's name.
Dubsky's life and work, especially his contributions to
coordination chemistry, are briefly discussed in this paper.

Two series of compounds played a crucial role in the development of
coordination chemistry: those of racemic-[CoCI(NH,)(en),]*" (en =
ethylenediamine) and those of cis-[CoCl,(NH;),]*. The first series of
complexes were resolved by Victor L. King (1886-1958) into
enantiomers, and while this can be considered an elegant proof of
Werner's conception of molecular structure, the preparation of salts of the
labile cation cis-[CoCl,(NH,),]" represents the laying of the foundation
stone of coordination chemistry (7, 2). Although biographical data
concerning Alfred Werner (1866-1919) and some of his students or co-
workers have appeared in the literature (3, 4), the work of J. V. Dubsky
from the viewpoint of his part in the development of the coordination
theory has not been fully appreciated. This Coordination Chemistry
Symposium provides an excellent opportunity for discussing the life and
work of Dubsky (5-7), one of the most outstanding Czech chemists and
Alfred Werner's student, private assistant, and Dozent, who participated in
the synthesis of cis-[CoCl,(NH,),]" and the resolution of racemic-
[CoCO4(en),]”. Dubsky was a versatile chemist, however, so an
appreciation of his work would not be complete without a brief mention

0097—6156/94/0565—0059$08.00/0
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of his other scientific activities in the fields of organic and analytical
chemistry.

Dubsky's Life

Jan Vaclav Dubsky was born on June 18, 1882 in Rehnice (Rehnitz) in
eastern Bohemia (then part of the Austro-Hungarian Empire). After
attending the Technical High School there he worked for some time as a
chemist in a sugar factory. However, because he yearned for a higher
education, this work did not satisfy him. In 1904 he went to Switzerland
to study at the University of Ziirich. Because living was expensive there,
his father helped with his expenses. When this money was gone,
Dubsky's brother, who had inherited a farm from his father, supported
him. After receiving his PhD in 1908 for a study of basic chromium(III)
salts (he was the first to recognize that these salts are actually
coordination compounds), he served as Werner's private assistant. Here
he found the true milieu for his further scientific career (At that time the
faculty of the University of Ziirich included numerous prominent
scientists, e.g., Richard Willstitter, Max von Laue, Georg Lunge, Albert
Einstein, Hermann Staudinger, Paul Pfeiffer, efc.). In 1909 Dubsky left
Zirich to spend three years as an assistant of Prof. Antoine Paul Nicolas
Franchimont (1844-1919) at the University of Leyden in the Netherlands,
where he acquired experience in organic chemistry. In 1912 he returned
to the University of Ziirich, where he was appointed Head of Werner's
laboratories for inorganic and organic synthesis. In the same year he
visited Prof. Fritz Pregl's laboratory in Innsbruck, Austria, to become
familiar with the new analytical micro methods.

Influenced by Werner's conception of the geometry of coordination
compounds, in Ziirich Dubsky searched for isomers whose existence was
predicted by Werner, who explained this phenomenon primarily by the
saturation of primary and secondary valences. This research, together
with a study of the action of acetic anhydride on hydroxo complexes,
formed the principal ideas of Dubsky's Habilitationsschrift (Die
Affinitdtsabsdttigung der Haupt- und Nebenvalenzen in den Verbindungen
hoherer Ordnung). In 1904 Dubsky became a Dozent, and he continued
his work at the University of Zirich throughout World War I. According
to Dubsky, the progress of Werner's disease increasingly interfered with
work so in 1919 Dubsky left Ziirich for the University of Groningen in
the Netherlands, where he worked with his friend Prof. Hilmar Johannes
Backer. After the presentation of his Habilitationsschrift on
microanalysis, Dubsky became Dozent at Groningen, where he remained
until 1922, when he was appointed Professor of Analytical Chemistry at
the recently founded (1919) Masaryk University of Brno (then
Czechoslovakia). Even though he was a native Czech, at the time of his
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appointment, he had problems with the Czech language. When all Czech
universities were closed by the German occupation administration on
November 17, 1939 for the duration of World War II, Dubsky protested,
even at the risk of being arrested. With the exception of this wartime
period, he worked at Masaryk University until his sudden death on March
25, 1946. A few years before his death he was elected a member of the
Czech Academy of Sciences and Arts.

Dubsky was a thoughtful, prolific worker and a modest, deeply
pious man for whom both scientific work and faith in God were
everything. His sojourns at different universities, resulting in his training
in coordination, analytical, and organic chemistry, made him a broadly
learned chemist whose scientific ideas exceeded the working possibilities
of his laboratory. Dubsky published more than 200 papers and created
around himself in Brno a school of analytical chemists. Although most
of his papers were devoted to analytical chemistry, he remained a
coordination chemist for his entire life.

Dubsky's Work

Coordination Chemistry. Dubsky's first paper described the preparation
and characterization of diamminediaquadihydroxochromium(III) salts (8).
He prepared series of salts of formula [Cr(OH),(NH,),(H,0),]1X (X = Br,
Cl, L, SCN, or SO,), formerly formulated as [Cr(NH,),(H,0),]X,-H,0. He
also noted that the hydroxo group can be transformed into an aqua group
by the action of acids. This "neutralization" of a coordinated OH" group
was used in the preparation of cis-(violeo) [CoCl,(NH,),]JX (violeo salt),
an isomer whose existence had been predicted by Werner (9).

Sophus Mads Jergensen (1837-1914), influenced both by his own
success in the preparation (10, 11) of cis- and trans-[CoCl,(en),]* and his
lack of success in synthesizing the labile cis-[CoCl,(NH,),]* cation, stated
that for the existence of cis and trans isomers the presence of
ethylenediamine is necessary. Werner rejected this argument (/2),
claiming that the existence of both isomers is a general phenomenon
caused by different spatial orientations of the coordinated atoms or groups
around the central atom. He therefore put Dubsky in charge of
synthesizing the crucial cis-[CoCl,(NH,),]* isomer.

Although Werner published the paper on violeo salts alone (2),
Dubsky's active role is shown by the methodological link to his previous
work on chromium(III) hydroxo complexes (8) and to his first
Habilitationsschrift as well as by the outstanding acknowledgment to him
at the end of Werner's paper: "Meinem Asistenten, Hrn. J. Dubsky,
spreche ich fiir seine eifrige Unterstiitzung bei vorliegender Untersuchung
meinem besten Dank aus." In a similar manner Werner (/3) also
appreciated Dubsky's work on the preparation of [CoI(NH;),]X,, the
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experimental details of which excited the admiration of Lev
Aleksandrovich Chugaev (1873-1922), who invited Dubsky to come to
Moscow to collaborate with him (5).

Dubsky obtained the cis-[CoCl,(NH,),]X isomer by the hydrolysis
of a binuclear complex at low temperature, isolating the violeo salt in the
form of the dithionate:

12°C

aH)Co  Conm)l X, + o2m0 —25 5 Cis[CoCL(NH) X
o + [Co(NEL)(H,0),]X,

The cis-[CoCl,(NH,),]" ion is subjected to acid hydrolysis in aqueous
solution:

cis-[CoCLAJ + H0 &2 [CoCIAHO)* + CI”

w

1
2
[CoCIA,(H,0)* + H,0 <‘;_‘> [CoA (H,0),** + CI”

which prevented its isolation by Jergensen's procedure (10, 11) for the
preparation of cis-[CoCl,(en),]" salts, which form during the evaporation
of an aqueous solution of the frans isomer to dryness. In both cases (A =
NH, or 1/2 en) in the initial stages acid hydrolysis predominates
(equations 1 and 3), while during evaporation, when the concentration of
CI" ions increases, reactions 2 and 4 occur (/4a). Although the course of
acid hydrolysis and replacement of coordinated water by CI ions are
common for both the cis-[CoCl,(NH;),]* and cis-[CoCl,(en),]" isomers,
the result of these reactions, i.e., the separation of the particular isomer
from solution is substantially different. For example, cis-[CoCl,(en),]Cl]
is less soluble in water than the trans isomer, which is not the case with
cis- and trans-[CoCl,(NH,),]C] because of the solvation differences.
Furthermore, as shown in Table I (74b) the rate of acid hydrolysis of
trans-[CoC1,(NH,),]" is faster than that of trans-[CoCl,(en),]". In addition
to this, both the starting isomers and the products of their hydrolyses
undergo rearrangement (/4c) via a common trigonal bipyramidal
intermediate.

Hence the preparation of the pure cis-[CoCl,(NH;),]" isomer is
difficult. To obtain it in pure form, knowledge of the principles of
retention of configuration (the hydrolysis of OH bridges proceeds without
the breaking of Co-O bonds), recognized later, together with the rules
governing the suppression of both competitive and isomerization reactions
(low temperature and isolation of the isomer in the form of the insoluble
dithionate) was applied as early as 1907. Thus, from the present point of
view, the preparation of the cis isomer can be considered as stereotactic;
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Table L. Rate of Aquation of [CoCl,A,]' Complexes

Ton k (x 10%, min™) Ion k (x 10*, min™)
cis-[CoCl(NH,),]" very fast cis-[CoCl,(en),]" 150
trans-[CoCl,(NH,),]" 1100 trans-[CoCl,(en),]" 19

and according to Prof. A. Okag, Dubsky's student and successor in the
Department of Analytical Chemistry in Brno: "... by the synthesis of the
long-sought cis-[CoCl,(NH,),]" isomer the young Dubsky convinced the
Master of this branch of chemistry, Jergensen, that he was mistaken in
his assumptions and showed the second Master, Werner, the way to the
preparation of intuitively anticipated violeo salts" (5).

The successful preparation of the crucial cis isomer was criticized
by Werner's primary scientific adversary Jergensen as an indirect proof of
octahedral geometry of the cobalt(III) atom. Werner considered the
resolution of an octahedral cobalt(III) complex into enantiomers as an
elegant and definitive proof of his postulated theory of molecular
structure. His correspondence shows that as early as 1897 he was
seeking suitable compounds for the resolution (/5). The first attempt is
documented in the collection of Werner's compounds stored in the
Department of Chemistry at the University of Ziirich, where one can find
a tube of sample labeled: "Attempt to resolve [CoCO,(en),]Br using silver
d-tartarate, 20.1.1908, Dubsky" (/6). Dubsky's attempt as well as King's
later experiments (15, 17) was unsuccessful, and Werner ascribed it to the
"insufficient asymmetry" of the cis-[CoCO;,(en),]" cation (18). Werner
therefore decided to resolve the "less symmetrical" cis-
[CoCI(NHj;)(en),]ClI isomer (CoA,BC type rather than the earlier
attempted CoA,B, type), this time using (+)-3-bromocamphor-9-sulfonic
acid (7), which, compared to d-tartaric acid, is a stronger acid and yields
salts which are more stable and better crystallized. These facts, which,
together with the salts' differences in solubility that make the use of the
camphoric acid for resolution experiments more plausible, explain the
reason for the unsuccessful resolution of the cis-[CoCO,(en),]" isomer
better than do considerations of the degrees of asymmetry of metal
complexes.

‘ Influenced by Werner's ideas, Dubsky also studied the saturation of
primary and secondary valences (/9-21) and stereoisomerism (22, 23) of
coordination compounds. As a result of his work on double salts, he
stated that in symmetrically constructed molecular compounds there is no
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difference between primary and secondary valences (19). Furthermore,
he recognized (24) that the copper(Il) atom in iminodiacetatocopper(Il) is
not coordinatively saturated, and he prepared its ammonia adduct, which,
according to the concept at that time, forms the link between addition
compounds and inner complex salts:

CH,CO CH,COO —NH, 0——CO

" O\ / . AN T NS
NH—%Cu(——N]—]3 Cu\

CH,CO0 '\NH.J CHZCOO CO—O/ NH,— CH,

Dubsky's paper on metal complexes of nitro-, nitroso-, and
phenyliminodiacetic acids should be also mentioned in this connection
(25).

Looking for different types of isomerism, Dubsky also prepared
numerous addition compounds (26, 27). He designated the isomerism
arising from the existence of the following forms (L = dicyandiamide)

HCIL  OH, HCl OH, c cl
\'Cu/ cl, {' cl, \Cu/ 2H,L.2H,0
HCI{ \onz o/ LHCI o \c1

as second order isomerism of neutral salts (28, 29).

Dubsky's research activity as a coordination chemist was extensive.
According to Prof. Oka¢: "The influence of Werner's school was too
strong for him to surmount. This school, which remained a perennial
feature of Dubsky's further scientific work, was an inspiration for him all
his life" (6). In addition to original research papers, Dubsky contributed
to several monographs (30-33), and he published papers on methodology
(34, 35). Of his papers that are not directly related to coordination theory
those concerning amino acid complexes are valuable contributions (36,

37).

Organic and Analytical Chemistry. As mentioned previously, Dubsky
was trained in organic chemistry during his stay in Leyden and
Groningen. At Leyden he studied acetylation and nitration, especially of
imines, which resulted in several papers (38). At the same time he
extensively studied diketopiperazines, publishing a series of fourteen
papers on these compounds (39). At Groningen Dubsky devoted his
effort to the sulfonation of carboxylic acids (40), resulting in his interest
in metal salts of acids sulfonated in the a-position (41).

From the beginning Dubsky's interest in analytical chemistry was
quite practical, dictated only by the need for a rapid determination of
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both metal and nitrogen. In 1912 he visited future (1923) Nobel
chemistry laureate Fritz Pregl (1869-1930) in Innsbruck, and in 1916 he
published (42), at Pregl's request as he later remembered (43), a
simplified micro method adapted for a need in Werner's laboratories.
Over the years Dubsky gradually changed his interest to analytical
chemistry. In his own words, "as a student of Werner's I was primarily
interested in studies of metal complexes. Since these play such an
important role in analytical chemistry, I expended much time and effort
on this branch of chemistry" (5). His experiences both in coordination
chemistry and organic chemistry destined him to become a pioneer in the
use of organic reagents in analytical chemistry. His main contribution to
this branch of chemistry consists of his systematic work on the relation
between the character of organic groups and the selectivity of analytical
reagents (44).

After the German authorities confiscated Fritz Feigl's (1891-1970)
now classic monograph on the use of spot tests in chemical analysis
(Feigl was Jewish), some German chemists asked Dubsky to write an
analytical chemistry textbook emphasizing organic analytical reagents to
be published by Springer Verlag. Although Dubsky began work on this
book, it was never completed because the wartime closure of all Czech
universities, including their libraries, prevented him from collecting,
consulting, and studying the pertinent literature.
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(Reproduced from Chemical & Engineering News.
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Chapter 5
Early Structural Coordination Chemistry

Linus Paulingt

Linus Pauling Institute of Science and Medicine, 440 Page Mill Road,
Palo Alto, CA 94306

The history of coordination chemistry may in a sense be said to have
begun with the work of Werner. The early crystal-structure
determinations by W. L. and W. H. Bragg showed that in crystals
such as sphalerite, ZnS, there is tetrahedral coordination around both
zinc and sulfur, and in crystals such as sodium chloride there is
octahedral coordination about both the anion and the cation. The
modern period may be said to have begun in 1921, with the
determination of a crystal containing an octahedral complex by
Wyckoff and of crystals containing tetrahedral and square planar
complexes (1922) by Dickinson. Later developments include
application of quantum mechanics, discussion of hybrid orbitals
especially suited to bonding, and detailed interpretation of interatomic
distances found by careful X-ray diffraction studies.

Some of the substances that we now call coordination compounds have been known
for hundreds of years. For example, potassium ferrocyanide, K4 [FeCN)g], was
made by strongly heating a mixture of a nitrogenous material, iron filings, and wood
ashes or potassium carbonate, eluting with water, and crystallizing the yellow
substance (Z,2). It was used as a source of hydrocyanic acid, Prussian blue, and
other compounds containing cyanide.

Until about 100 years ago coordination compounds were usually called
double salts. The formula of potassium ferrocyanide was written as
4KCN¢Fe(CN)».

By the 1870s efforts were being made to assign structural formulas to
coordination compounds. In his Nobel address, delivered in 1913 (3), Alfred
Werner mentions some of the efforts that were being made, in particular those by the
Swedish chemist C. W. Blomstrand and the Danish chemist S. M. Jgrgensen. For
example, the compound cobalt hexammine trichloride was assigned by Blomstrand a
structure in which there were three chains attached to the cobalt atom, each chain
consisting of two ammonia molecules and a chlorine atom. Jgrgensen, on the basis of
differences in chemical reactivity of the different ammine groups, assigned to this
substance a structure with two short chains and one long chain, two chains with a
single ammonia and a chlorine atom and a long chain with four ammonia molecules
and a chlorine atom. These chains of ammonia molecules were suggested by
hydrocarbon chains and were assumed to involve quinquevalent nitrogen atoms.

tLinus Pauling died on August 19, 1994.

0097—6156/94/0565—0069$08.00/0
© 1994 American Chemical Society
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The great step forward in coordination chemistry was taken over a period of
years by Alfred Wemer himself, beginning in 1893 in his classic work, "Beitrag zur
Konstitution anorganischer Verbindungen" on the subject of the spatial arrangement
of atoms in the ammonia complexes (4). He rejected the idea of directed primary
valence bonds; instead, he suggested that the central metal atom exerts a spherically
symmetrical force of attraction on surrounding atoms, a strong force for atoms in the
first coordination shell and weaker forces for those in the outer coordination shells.
He introduced the concept of coordination and coordination number (the number of
atoms in the first coordination shell).

He made extensive studies of complexes with coordination number 6. At first
he distinguished between primary and secondary valences but later suggested that
there was little or no difference between them.

The observation that an octahedral complex with two ligands of one kind and
four of another kind occurs in two forms characterized by different colors (essentially
the same for corresponding complexes of tripositive chromium and cobalt) permitted
a decision to be made between the octahedral and the trigonal prismatic coordination
polyhedron for coordination number (ligancy) 6. Two isomers are expected for the
octahedron, and three for the trigonal prism. Werner and his students culminated this
effort by resolving pairs of chiral complexes, with the central atom chromium, cobalt,
or thodium and with two ethylenediamine groups and two chlorine atoms in the first
coordination shell.

In addition to octahedral complexes, Werner also discussed complexes in
which the central atom has ligancy 4. Some of these complexes were found not to
form isomers with composition MA3 B, while others formed pairs of isomers, cis
and trans. The tetraligated complexes of bipositive palladium and platinum are in the
second group, to which Werner assigned the square planar configuration, with the
other ligancy 4 complexes being tetrahedral. The Werner-Jgrgensen controversy and
the supersession of the Blomstand-Jgrgensen chain theory by Werner's coordination
theory is discussed in more detail by George B. Kauffman in his paper, "Theories of
Coordination Compounds: Alfred Werner's Triumph," in this symposium volume.

In other complexes the central atom has ligancy 2 (as in the
dicyanoargentate(I) anion), 8 (as in the octacyanomolybdate (IV) or (V) anion, or 9
(as in the enneahydridorhenate(VI) anion) (5).

The last of these complexes was identified through the X-ray diffraction
determination of the structure of the salt KoReHo; the nine hydrogen atoms are at the
single-bond distance from the rhenium (6).

An important contribution to the understanding of the structure of these
complexes was made through X-ray diffraction studies. I arrived in Pasadena,
California, in September 1922 to begin my graduate work in the California Institute
of Technology. The X-ray crystallographer Roscoe G. Dickinson immediately began
teaching me the experimental techniques of X-ray crystallography and the ways of
analyzing the diffraction data to locate the atoms in the crystal under study. Ralph W.
G. Wyckoff had worked in the laboratory during the preceding year but had returned
to the East coast before I had arrived. Both Wyckoff and Dickinson were pioneers in
the X-ray crystallography field. They were the only researchers in this field who
made great use of Laue photographs, with the result that neither of them published
structure determinations that were later shown to be wrong, whereas many other
workers in this field, mainly in Europe, published many incorrect structure
determinations. The reason for this difference in reliability is that the Laue
photographs showed a great number of diffraction maxima, including many very
weak ones that were needed to determine the correct structure, and these very weak
diffraction maxima were often not found by the other experimental techniques. I had
become interested in Werner coordination complexes in 1919, and I was pleased to
learn, when I arrived in Pasadena, that during the preceding year Wyckoff and
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Dickinson had obtained X-ray evidence verifying the structures that Werner had
described. The first such study was that of (NHy)2 [PtClg], reported by Wyckoff
and Posnjak in 1921 (7). This was followed in 1922 by Dickinson's report on K>
[SnClg] and (NH4)2 [SnClg] (8). In each case the Werner octahedron was found,
and it was verified that the six ligands lie at the same distance from the central atom.
In the same year, 1922, Dickinson reported his verification of the tetrahedral structure
of the zinc tetracyanide complex in K3 [Zn(CN)4] (9) and the square planar structure
of the palladium tetrachloride and platinum tetrachloride complexes in Ko[PdCl4],
(NHg)2 [PdCla], and K2[PtCly] (10). Since this pioneer work was done, scores of
octahedral, tetrahedral, and square planar complexes have been studied by X-ray
crystallography, as well as complexes involving other values of the coordination
number.

Another step forward in the understanding of coordination complexes was
taken by me in 1931. For several years I had been applying the principles of
quantum mechanics to various aspects of chemistry, and in 1928 I had published a
short paper containing the sentence "It has been found that as the result of the
resonance phenomenon a tetrahedral arrangement of the four bonds of the
quadrivalent carbon atom is the stable one" (/7). I also stated that a detailed account
would be published later, but this detailed account did not appear until 1931 (12).
The delay of nearly three years resulted from my dissatisfaction with the complexity
of the calculations on which the 1928 statement had been based. Then one day in
December 1930 or early January 1931 I saw that a tremendous simplification could be
achieved by ignoring the overlap integrals of orbitals with different radial wave
functions (s, p, d orbitals) and concentrating on the surface harmonics of the angular
functions. With this simplification it took only a few minutes to show that the best sp
hybrid bond orbitals are the tetrahedrally directed sp3 orbitals (as for the carbon atom
and the tetracyanozinc(II) complex), that if one d orbital is also available for bond
formation four square planar bond orbitals are the most stable (as in the
tetrahalopalladium(II) and tetrahaloplatinum(II) complex, and that if two d orbitals
are available six bonds directed toward the corners of an octahedron are stable.
Some predictions (later verified) were also made, such as that paramagnetic
compounds of bipositive nickel should show tetrahedral or octahedral coordination
and diamagnetic compounds should show square planar coordination (12).

Coordinated structures similar to Werner's coordinated complexes were also
found in crystals in the very early days of X-ray crystallography. W. H. and W. L.
Bragg reported in 1913 that in the rock salt crystal each Na is surrounded octahedrally
by 6 Cl (also each Cl by 6 Na) (I3) and that in the mineral sphalerite each Zn is
surrounded tetrahedrally by 4 S (also each S by 4 Zn) (I4). Cubic coordination of 8
Cl around Cs and 8 Cs around Cl was soon discovered. Also, X-ray diffraction
studies have revealed other types of coordination complexes, such as 12 Al
icosahedrally coordinated about Mo in the compound MoAl;5 (15).

It is interesting that an Englishman, William Barlow, working independently
in Manchester, had described several of these crystal structures two decades before
the X-ray work was done and had ascribed them correctly, on the basis of face
development and other properties, to various substances: the sodium chloride
structure to sodium chloride, the cesium chloride structure to cesium chloride, the
sphalerite and wurtzite structures, respectively, to the cubic and hexagonal forms of
zinc sulfide, cubic closest packing to copper and some other metals, and hexagonal
closest packing to magnesium (/6). His work seems not to have had much of an
impact on crystallography or chemistry.

When I read his papers 70 years ago, I was astonished that he had not
ascribed the diamond structure (closely related to the sphalerite structure) to diamond.
Barlow surely knew about the tetrahedral carbon atom, which had been discovered
twenty years earlier and was of course known to chemists and other scientists. Some
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decades later I searched the literature, as did also Paul Ewald at my request, to see if
anyone had pointed out in the period before 1914 that diamond might have the
diamond structure. Our search was unsuccessful. The structure was determined by
W. H. and W. L. Bragg in 1914 (17).

It is clear now as it was 80 years ago that it was thoroughly justified to award

the 1913 Nobel prize in chemistry to Alfred Werner of the University of Ziirich "in
recognition of his work on the linkage of atoms in molecules by which he has thrown
new light on earlier investigations and opened up new fields of research especially in
inorganic chemistry" (3).
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Chapter 6

John C. Bailar, Jr. (1904—1991)
Father of U.S. Coordination Chemistry

George B. Kauffman!, Gregory S. Girolami? and Daryle H. Busch?

IDepartment of Chemistry, California State University,
Fresno, CA 93740
2School of Chemical Sciences, University of Illinois
at Urbana—Champaign, Urbana, IL 61801
3Department of Chemistry, University of Kansas,
Lawrence, KS 66045

John Christian Bailar, Jr., Professor Emeritus of Inorganic Chemistry
at the University of Illinois, 1959 ACS President, 1964 Priestley
Medalist, and dean of coordination chemists in the U.S., died on Oct.
17, 1991 in Urbana, Illinois at the age of 87. Born in Golden,
Colorado on May 27, 1904, John received his B.A. (magna cum
laude) (1924) and M.A. (1925) degrees from the University of
Colorado and his Ph.D. (1928) from the University of Michigan
under Moses Gomberg. Although trained in organic chemistry, he
became fascinated with inorganic isomerism, especially among
coordination compounds, and he trained several generations of
coordination chemists (90 doctorates, 38 postdoctoral fellows, and
numerous master’s and bachelor’s degree candidates). He was co-
founder and first Chairman (1957) of the ACS Division of Inorganic
Chemistry and played crucial roles in founding the journals Inorganic
Syntheses and Inorganic Chemistry. More than anyone, he was
responsible for the renaissance in inorganic chemistry in the U.S.
Had he lived, John undoubtedly would have played an active role in
this Coordination Chemistry Centennial Symposium.

On October 17, 1991 John Christian Bailar, Jr., Professor Emeritus of Inorganic
Chemistry at the University of Illinois and dean of coordination chemists in the
United States, died of a heart attack in Urbana, Illinois at the age of eighty-seven.
John was responsible, more than any other single individual, for the continuing
empbhasis on research in inorganic chemistry, especially in the United States, from a
near hiatus beginning sometime in the thirties and extending through the Second
World War, and he was a central figure in the ultimate renaissance of that field
during the late forties and fifties. Much of today’s research in coordination
chemistry has roots in his early studies. Had John lived, he would undoubtedly have
played an active role in this symposium especially because he was born only a few
miles away from Denver.

John was a tall (6 feet, 3 inches) imposing man, a devout Presbyterian (he
served as a church elder) and politically conservative, although, contrary to

This chapter reprinted with permission from The Journal of Coordination Chemistry
© 1993 Gordon & Breach
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the usual trend, he became distinctly more liberal in his later years. John symbolized
all that is best in a university professor. He was a kind man with a charming sense
of humor and an engaging laugh; he knew a million stories and told them all very
well. Despite his strong views, he was never judgmental, and he believed in letting
people live their own lives and make their own decisions. He was open with others
and generous with his time and energies. John was truly respected and admired and
was a valued friend, colleague, scientist, and teacher.

John was born on May 27, 1904 at Golden, Colorado. His parents, John C.
Bailar, Instructor in Chemistry at Golden’s Colorado School of Mines, and Rachel
Ella Work Bailar, were the first married couple to enroll in and graduate from the
University of Colorado, from which John received his B.A. degree (magna cum
laude) in 1924 and his M.A. degree in 1925. His master’s thesis, “Nitrogen Tetra-
sulfide and Nitrogen Selenide: Preparation, Molecular Weight, and Some Prop-
erties,” carried out under Horace B. Van Valkenburgh’s direction, resulted in his first
publication (/). Like a number of the most prominent late 19th- and early 20th-
century coordination chemists such as Sophus Mads Jgrgensen, James Lewis Howe,
Lev Aleksandrovich Chugaev, and Alfred Werner himself, John was trained as an
organic chemist, entering inorganic chemistry “through the back door,” so to speak
(2). He worked under the supervision of Moses Gomberg (3), best known for his
work on triphenylmethyl radicals, at the University of Michigan at Ann Arbor,
where he received his Ph.D. degree in 1928 with a dissertation on substituted pina-
cols (4).

In that same year John accepted a position as Instructor in Organic Chemistry
at the University of Illinois at Urbana, where he remained for 63 years -- almost half
the period that the university had been in existence. He was assigned teaching
duties in general chemistry, which was then primarily descriptive inorganic
chemistry. He rose through the ranks, becoming Full Professor in 1943; he also
served as Secretary of the Chemistry Department (1937-1951) and Head of the
Division of Inorganic Chemistry (1941-1967). On August 8, 1931 he married his
former graduate teaching assistant Florence Leota Catherwood. The couple, whose
marriage lasted almost 44 years (until Florence’s death on March 13, 1975), were the
parents of two sons -- John Christian Bailar, III, currently Professor in the School of
Medicine at McGill University, Montreal, and Benjamin Franklin Bailar, currently
Dean of the Graduate School of Administration at Rice University, Houston and
former Postmaster General of the United States. On June 12, 1976 John married
Katharine Reade Ross, whom he had known since childhood, for Kay had been his
babysitter.

During his graduate studies John had become interested in organic isom-
erism, but it was only during his second or third year at Illinois, while teaching a
general chemistry class that he realized that isomerism was a phenomenon that could
also exist in the inorganic realm (5,6). A student logically but incorrectly referred to
SbOCl, the product of the hydrolysis of antimony(III) chloride, as antimony
hypochlorite rather than as antimony oxychloride or antimonyl chloride. In his liter-
ature search for examples of inorganic isomers John soon encountered coordination
chemistry, and in his own words, “My entire feeling toward the chemical profession
changed. I had found my niche.”

John considered his very first work on coordination chemistry (7), carried out
with senior undergraduate student Robert W. Auten, to be his most significant
achievement. He said, “It opened up a field. One doesn’t often have the opportunity
to do that” (§). The monumental, wide-ranging work of Alfred Werner, the founder
of coordination chemistry (9), was so comprehensive that many chemists assumed
that all the important work in this field had already been done, and therefore
coordination chemistry was relatively neglected until John’s entry into the field.
John educated several generations of coordination chemists (90 doctorates, 38
postdoctoral fellows, and many candidates for bachelor’s and master’s degrees),
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earning him the universally acknowledged title, “father of American coordination
chemistry.” A list of his former students, many of whom, inspired by his love of
teaching, entered academia, reads like a “Who’s Who” of inorganic and coordination
chemistry. Not only was John elected President of the American Chemical Society
(1959), but also three of his former students -- Robert W. Parry (1982), Fred Basolo
(1983), and Clayton F. Callis (1989) -- attained this honor.

John’s work with Auten established the inorganic counterpart of the well-
known organic Walden inversion (10). Werner observed that the following reaction
proceeds with a change in the sign of rotation (11,12), although Werner realized that
inversion of configuration need not take place (in this case, it does not): (-)-cis-
[CoClzen3]Cl + KpCO3 — (+)-[CoCO3en3]Cl + 2KCl. Because Walden had con-
verted (+)-chlorosuccinic acid to the hydroxy acid (malic acid) with KOH or Agy0
and had achieved an inversion in one of the cases, John hoped to repeat Werner’s
experiment with AgoCO3 instead of K2COj3 to see if an inversion would result. At
the time the Walden inversion mechanism had not been completely established, and
John hoped that such an inversion with an octahedral configuration rather than a
tetrahedral configuration might throw light on the mechanism of the Walden inver-
sion. Bailar and Auten obtained an inversion of configuration in what was the first
analogue of a Walden inversion among inorganic compounds (although the mech-
anism of this reaction was later shown to be quite different). Their 1934 article (7),
the first in a continuing 37-part series titled “The Stereochemistry of Complex
Inorganic Compounds” extending to 1985, has attained the status of a classic. In
John’s words, “I owe a great deal to Robert Auten, for it was this piece of my work
that originally caught the attention of the chemical public.” Throughout his long ca-
reer John continued his interest in inversion reactions (13-16).

At the time that John began his career, not only coordination chemistry but
also inorganic chemistry in general was languishing. In the United States inorganic
chemists were exceedingly few, and most, like John, were overloaded with general
chemistry teaching. There were few inorganic courses beyond the freshman course,
{ittle ei‘;norganic research was being carried out, and avenues for publication were

imited.

At the Fall 1933 meeting of the American Chemical Society in Chicago, five
inorganic chemists -- Harold S. Booth, Ludwig F. Audrieth, W. Conard Fernelius,
Warren C. Johnson, and Raymond E. Kirk -- decided that there was a vital need for a
series of volumes giving detailed, independently tested methods for the synthesis of
inorganic compounds along the lines of Organic Syntheses, the series established by
John’s colleague at Illinois, Roger Adams. The five, who were soon joined by John,
became the Editorial Board of the new journal, Inorganic Syntheses, the first volume
of which appeared in 1939. Since its inception John was an active participant and
motivating force in its affairs, contributing 16 syntheses and checking 5 others,
especially in the early years when the fledgling publication needed considerable
support. John served as Editor-in-Chief of Volume IV (1953), and seven of his
former students and three of his academic grandchildren (students of his former
students) later served in the same capacity for other volumes.

Despite the growing success of Inorganic Syntheses, in the American
Chemical Society inorganic chemistry did not achieve divisional status until 1957
when the Division of Inorganic Chemistry was finally established largely through
the efforts of John Bailar, who became the First Divisional Chairman and who has
written a divisional history (17). Similarly, Inorganic Chemistry, the first journal in
the English language devoted exclusively to the field, began publication in 1962,
again, largely through John’s efforts. Thus the resurgence of the field after World
War II, which the late Sir Ronald S. Nyholm (/8) dubbed the renaissance in
inorganic chemistry, owed much to John’s pioneering labors.

Although the stereochemistry of coordination compounds was John’s pri-
mary interest, he and his students worked on a wide variety of subjects -- synthesis;
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inversion reactions; resolution into optical isomers of complexes of various coor-
dination numbers and configurations; macrocyclic ligands; electrochemistry; elec-
trodeposition and electroplating; polarography; homogeneous and heterogeneous
catalysis; kinetics; stabilization of unusual oxidation states; dyes; spectra; unusual
coordinating agents; coordination polymerization; solid state reactions, etc. With
later (1990) Nobel chemistry laureate Elias J. Corey, he published a classic paper on
octahedral trisdiamine complexes that led to applications of conformational analysis
to coordination compounds (19). Besides his 338 publications (which include two
patents and 58 reviews) he wrote, cowrote, or edited nine monographs, texts, or
laboratory manuals. His 834-page book, The Chemistry of the Coordination
Compounds (20), written with 24 of his former students, summarized almost every
aspect of the field, which, largely due to his teaching and research, was attracting
more and more scholars. A complete bibliography of John’s publications along with
lists of his Ph.D. students and postdoctoral students are found in a recent
biographical article (27). In addition to his work with research students, John was
the Director of the university’s General Chemistry and Student Placement Programs,
and he spent considerable time finding suitable positions for his undergraduate
students.

John devoted considerable time and thought to teaching. He once said, “I
would throw away my notes after every lecture so that I wouldn’t do the same thing
the next year. I tried to talk about things that would interest students, to help them
see the connection between chemistry and everyday life" (8).

John was a consultant to several industrial companies and government
laboratories, and during World War II he served as Official Investigator for the U.S.
National Defense Research Committee (N.D.R.C.), devoting his efforts to studying
screening smokes and nerve gases. In 1944 he was overseeing one of his students,
Robert W. Parry, who was developing the fuel for a device that would generate
colored smoke to aid in finding downed aircraft in the Pacific. Work had progressed
quite rapidly, and a device meeting specifications was produced. A major test to
demonstrate the device to top military leaders and N.D.R.C. officials was held in
Urbana on the South Farm of the University of Illinois campus. The big moment
came, and the smoke generator was ignited. For half an hour its performance was
perfect; great clouds of bright red smoke rose up to high heaven. Everyone was
delighted. But delight turned to apprehension when the generator emitted an
unexpectedly large “puff” and a vigorous burst of red smoke. Things settled down
for a few minutes, and people breathed a sigh of relief. Then a second large “puff”
suggested that all was not rosy. Finally, on the third “puff” the whole device
suddenly became airborne and headed directly toward the assembled top brass, who,
by ducking and scattering, escaped with their lives but with considerable loss of
dignity. The “rocket” hit a tree, broke open, and burned quietly on the ground.
Professor Fraser Johnstone, Director of the University of Illinois Project, could not
contain his disappointment. He went over to Parry, who had responsibility for the
fuel, and made his displeasure clearly visible. When Johnstone stopped for breath,
John, who never got excited, defused the tense situation by calmly telling Parry in
the hearing of the disgruntled officials, “But Bob, you don’t understand, you’re
supposed to kill the other side, not our own men.”

On another occasion, in Parry’s laboratory next door to John’s office, a bottle
of a smoke-generating fuel containing FeCl3 picked up some of the atmospheric
moisture for which Urbana is famous and not only ignited but set off a number of
neighboring bottles, filling the room with smoke. John calmed down his distraught
student by saying, “Now Bob, let’s see if we can get the smoke out.” He also
remarked about a book salesman waiting in his office, who promptly disappeared, “I
gorlll’ ;d think that he’ll be back.” John’s books bore the yellow-brown stains as long as

e them.
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Throughout his career John was active in the American Chemical Society,
being Chairman of the Divisions of Chemical Education (1947), Physical and
Inorganic Chemistry (1950), and Inorganic Chemistry (1957); Chairman of the
Divisional Officers Group (1949); Chairman or member of numerous national
committees; and Director (1958-1960). He was a member of Alpha Chi Sigma
(from 1922), the National Research Council (member of various committees), the
Electrochemical Society (1948-1962), the International Union of Pure and Applied
Chemistry (IUPAC) (Treasurer, 1963-1972; Conference Delegate, 1959, 1961, and
1963), Phi Beta Kappa, Sigma Xi, Phi Lambda Upsilon, and other scientific and
fraternal organizations. He was elected an Honorary Fellow of the Indian Chemical
Society (1974) and an Honorary Member of the Illinois State Academy of Sciences
(1976) and the Chemical Society of Japan (1985). He was a member of the editorial
or publication boards of twelve journals and the holder of honorary doctorates from
four universities. He delivered innumerable lectures in North and South America,
Europe, Asia, and Australia; held more than a dozen lectureships; and was a visiting
lecturer at five U.S. and three foreign universities as well as a plenary lecturer at
three International Conferences on Coordination Chemistry (Rome, 1957; Krakow,
1970; and Moscow, 1973).

John’s numerous honors include the Scientific Apparatus Makers’
Association Award in Chemical Education (ACS, 1961), John R. Kuebler Award
(named after the father of one of his former students) (Alpha Chi Sigma, 1962),
Priestley Medal (the ACS’s highest award, 1964), Frank P. Dwyer Medal (Royal
Society of New South Wales, 1965), Manufacturing Chemists Association Award
for Excellence in College Chemistry Teaching (1968), Award for Distinguished
Service in the Advancement of Inorganic Chemistry (ACS, 1972), J. Heyrovsky
Medal (Czechoslovakian Academy of Sciences, 1978), Monie Ferst Award for
Education through Research (Sigma Xi, 1983), and Chernyaev Jubilee Medal, N. S.
Kurnakov Institute, USSR Academy of Sciences (Moscow, 1989).

John was the first recipient of the University of Illinois’ John C. Bailar, Jr.
Medal, named in his honor, and his alma mater, the University of Michigan, named
him Distinguished Alumnus for 1967. In recognition of his inestimable contribu-
tions to coordination chemistry, the Schweizerische Chemische Gesellschaft in
Ziirich, on September 3, 1966, at the centennial celebration of Alfred Werner’s birth
(IX ICCC), presented John with the only Werner Gold Medal ever to be awarded, a
fitting tribute to the elder statesman and prime mover of American coordination
chemistry (16).

John officially retired in 1972 but continued to spend seven hours per day in
his office instead of his previous twelve hours. John's published works survive him,
but we shall all miss his wise advice, patient counsel, and cheerful personality.

We think it appropriate to conclude this tribute to John with a quotation from
one of his lectures, which truly captures the essence of the man:

My fifty years of teaching have been a continuous source of inspira-
tion and joy to me. There is nothing more satisfying than to watch a
young person’s understanding broadening -- to see the look of pleasure
on his face when a new idea strikes home. Whether the student be a
freshman or a graduate student is not important; the growth of the
mind is still there. I am, of course, especially interested in those who
have done their doctorate theses with me, for I know them better than
the others. Nearly all of them have been highly successful, either as
teachers and researchers, or have achieved high places in chemical
industry. But many of those who sat in my classes during their
freshman year have remained my close friends over the years and have
brought me great happiness.
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Figure 1. Portrait of Professor Kai Arne Jensen (1908—1992)
drawn by the Danish artist Otto Christensen at the public
defense of Professor Flemming Woldbye’s thesis in 1969.
(Reproduced with permission from reference 40. Copyright
1969 Det Berlingske Hus.)
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Chapter 7

Kai Arne Jensen’s Contribution
to Coordination Chemistry

Hans Toftlund

Department of Chemistry, Odense University, DK 5230
Odense, Denmark

Kai Arne Jensen was born in Copenhagen in the year of 1908. In 1932
he got his degree in chemistry from the University of Copenhagen and

in 1937 he compleated his doctorate at the University with a dissertation
titled “On the Stereochemistry of Metals with Coordination Number
Four” (in Danish). He became a lecturer in 1943,and in the period 1950-
1978 he was professor at the University of Copenhagen. In the thesis
Jensen confirmed the suggestion by AlfredWerner regarding the planar
configuration of a series of Pt(I), Pd(II) and low spin Ni(II) complexes.
He pionered the use of dipole moment measurements for stereochemical
problems in coordination chemistry and was the first to prepare nickel(II)
complexes. For generations Jensen was one of the most influential Danish
chemists

The year 1993 marks the 100th anniversary of modern coordination chemistry as
1893 was the year Alfred Werner published his monumental article, "Beitrag zur
Konstitution anorganischer Verbindungen" Z. anorg. Chem. 1893, 3, 267-330.

The year 1993 is also the 40th anniversary of the second in the series of well
established International Conference on Coordination Chemistry. Kai Arne
Jensen (Figure 1) had attended the first, held in an Imperial Chemical Industries
(ICI) fundamental research laboratory at Welwyn in the UK. in 1950, and
although it was open it was attended almost entirely by participants from within
the U.K. He realized that the field of coordination chemistry was so established
that the creation of a series of international meetings was needed, and he
proposed that the Danish Chemical Society organize a similar meeting. It was
held in Copenhagen August 9-13, 1953 (Z). Thus Jensen brought the conferences
on coordination chemistry firmly into the international arena, where they
continue to flourish. The last two surviving members of the organizing committee
of the conference, Jannik Bjerrum and K. A. Jensen both died in 1992. It is
natural to commemorate K. A. Jensen at the Werner Symposium as his early
work was devoted directly to a rejection of the last pieces of criticism against
Werner’s fundamental thesis from 1893.

Jensen’s publication list numbers about 250 papers, the majority of which were
published in international journals. Before the Scandinavian journal, Acta Chemica
Scandinavica, was founded in 1947 his favorite communication medium was the

0097—6156/94/0565—0083$08.00/0
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Zeitschrift fiir anorganische und allgemeine Chemie, which was also used by Sophus
Mads Jgrgensen and Alfred Wemer.

About 25 % of Jensen’s papers deal with problems in coordination chemistry. An
examination of the "Science Citation Index" shows that even today Jensen’s
production has an annual score of about 100 citations. 25 of these are to his early
papers in Zeitschrift fiir anorganische und aligemeine Chemie. Considering the
statistical fact that the citation rate of an average paper is 1.7 ,culminating a few years
after the appearance, Jensen’s unusually high score is a testimony to the importance
of his work.

Jensen was a very talented researcher who used a scholarly approach to the
problems that he wanted to solve. He mastered several physical chemical techniques
and was the first to use some of them in coordination chemistry.

Biography (2)

Kai Arne Jensen was born in Copenhagen March 27 in the year 1908. In 1932
he received his degree in chemistry (mag. scient. ) from the University of
Copenhagen. He was immediately employed at the Inorganic Chemistry Laboratory
at the Technical University, Copenhagen. The following year he became Professor

Einar Biilmann’s assistant at the Chemical Laboratory of the University of
Copenhagen. In 1937 he completed his doctorate at the University with a dissertation
titled "Om de Koordinativt Firegyldige Metallers Stereokemi” (3 )( On the
Stereochemistry of Metals with Coordination Number Four). He became a lecturer
in 1943, and in 1950 he was made professor at the University of Copenhagen, a post
that he held until his retirement in 1978.

In 1977 Jensen was awarded the @rsted medal (4 ). He was a member of a long
list of scientific societies. From 1952 to 1972 he served as the president of the
TUPAC commission for inorganic chemical nomenclature.

Here I shall discuss only Jensen's contributions to coordination chemistry.
However, from about 1938 his research gradually moved more and more into organic
chemistry. For generations Jensen was one of the most influential Danish chemists.
He was a splendid lecturer and wrote a successful system of textbooks (5 ,6 ).

Work included in Jensen’s Thesis of 1937 ( Figure 2 )

During the early years of his scientific career, Jensen studied some analytical
reagents used for the precipitation of metal ions. He found that thiosemicarbazide
forms characteristic metal complexes with nickel (I)(27 ). This fact spurred him on
to the study of the stereochemistry of nickel(II) complexes. As Biilmann's assistant,
Jensen was supposed to work in organic chemistry. However, no restrictions were
put on his choice of research area. Before Jensen came to Biilmann's laboratory,
Kristian Hgjendahl had worked there for a short period and had constructed an
apparatus for the measurement of dipole moments. The idea of solving
stereochemical problems in coordination chemistry by using dipole moment
measurements apparently did not come directly from Hgjendahl, but rather from the
study of the literature (7).

In a pioneering work of 1935, Jensen introduced the measurement of dipole
moments as a method for assigning the configurational isomers of [Pt X2(SR2)21,
where X is a halide ion and R are is an alkyl group (8 ). Contrary to Werners'
assignment (9 ), Jensen proved that the o form is the trans isomer. The following
year this work was extended to a series of platinum complexes of the form [Pt X;Y>],
where Y is a tertiary phosphine, arsine or stibine (10 ).

At that time the question of whether Werner was correct or not in postulating a
planar configuration for platinum(Il) and palladium(II) complexes was still discussed.
Jensen was able to show that some of the complexes have dipole moments close to
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Figure 2. The title page of K. A. Jensen’s doctoral thesis of 1937, On the
Stereochemistry of Metals with Coordination Number Four ( Reproduced with
permission from ref. 3. Copyright 1937, C. A. Reitzel ).
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zero, and therefore they must have a trans planar configuration. In some cases
isomers were isolated which showed a very high dipole moment, consistent with a cis
planar configuration ( Figure 3 ) (11 ).

The trans isomers of the thioether complexes typically have dipole moments about
2.4 Debye units. Jensen attributed these dipole moments to peculiarities in the
structures which preclude the possibility of a complete balancing of the dipole
moment for groups in opposing positions ( Figure 4 ).

If the geometry around the sulfur atoms is nonplanar, each group will have a local
dipole moment. The direction of these moments can easily compensate each other in
atrans conformation, so apparently all the alkyl groups lie on the same side of the
plane containing the platinum, halide, and sulfur atoms (Figure 4 ) (12 ). Of course,
another possibility is that the coordination geometry around the central platinum atom
deviates from a perfect plane. From the magnitude of the dipole moment Jensen
calculated an upper limit of 0.08 A for the displacement of the platinum from the best
plane through the four donor atoms Although in 1934 Cox et al. published a
structure for trans -[Pt Cl,(SMe,),] based on single crystal X-ray-diffraction,
showing the molecule to have Dy, symmetry. Jensen was not convinced(/3 ). Many
years later, when X-ray diffraction had developed into a very accurate technique, he
persuaded prof. Svend Erik Rasmussen to solve the structure of trans -[ Pd
Cl(SeEtp)2] (14).

The configuration was indeed confirmed, but the complex has a center of symmetry
ruling out the possibilty of a finite dipole moment. There is, of course, always the
possibility that the molecule adopts another conformation in solution.

Work Inspired by S. M. Jgrgensen

Althougt Jgrgensen was defeated by Werner, his experimental contribution to the
foundation of coordination chemistry cannot be denied. Jensen was well acquainted
with Jgrgensen’s work and often referred to it. Some of the compounds prepared by
Jgrgensen apparently have not found their final formulation in Werner’s system.

In 1886 Jgrgensen reported a strongly dichrotic compound with the composition
[ Pt Br3(NH3)(NH,C,Hs)] (15 ). This compound is formally a Pt(II) complex.
Another Pt(IIl) compound, [ Pt CI(NH,C,Hs)4]Cl, , was reported by Wolffram in
1900 (16 ). About the time that Jensen wrote his thesis, the nature of Wolffram’s red
salt was discussed in the literature. Jensen realized that if it is a true Pt(II[) complex,
then it should have a magnetic moment so he asked Robert Asmussen to measure the
magnetic susceptibility. The compound turned out to be diamagnetic so Jensen
suggested a mixed valence composition with equal amounts of Pt(I) and Pt(IV) (I7).
It is an elegant proof but unfortunately not quite valid. In order to attain the
appropriate coordination number for platinum, chloride bridges were postulated.
However, a chloride bridge might very well serve as a path for antiferromagnetic
coupling so the formulation as a Pt(IIl) complex cannot be ruled out. The X-ray
crystal structure of Wolffram's red salt was solved in 1961( Figure 5) (18). Itis
indeed a mixed valence compound. This structural type has received much attention
recently in connection with high temperature superconductors. Jensen seemed to
have realized that X-ray diffraction is the obvious technique to use if one wants to
solve structural problems in coordination chemistry.

Through a contact with Odd Hassel in Oslo he got access to a powder diffraction
camera, and in 1936 he tried to solve the structure of another series of compounds,
which apparently had a unusual oxidation states, namely the MSb X salts (19 ). He
found a cubic structure with identical anions. Based on this result he proposed a
genuine oxidation state of four for the antimony. He realized that this result might be
wrong because the compounds were diamagnetic. The contradiction was resolved
when Axel Tovborg Jensen and Svend Erik Rasmussen showed in 1955 that the
double salts are in fact tetragonal. Some of the lines that Jensen quoted as singlets are
in reality doublets (20 ). Later works by Peter Day have finally established these
materials as Sb(III), Sb(IV) mixed valence compounds (38 ).
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Figure 3. Addition of the bond moments for the two isomers of [Pt
Clz(NH3),]. o

The directions of the bond moments are represented by arrows pointing from +
to -. The lengths of the arrows are proportional to the magnitude of the bond
moments.
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Figure 4. Addition of the group moments of the thioether functions in two
different conformers of trans- [ Pt X2(SR2)z].
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ggure §. The X-ray crystal structure of Wolffram’s red salt published by
ven

and Hall in 1961 (Reproduced with permission from ref. 18. Copyright 1961
International Union of Crystallography ).
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Another problem that Jensen wanted to solve by X-ray diffraction was the
structures of the erythro and rhodo salts of chromium(III) (27-22 ). This turned out
to be a very difficult problem. Because of some minor analytical inaccuracies these
compounds were considered to be isomers. Werner suggested a "Valenzisomerie"

(23 ). However, later it became clear that there is no fundamental difference between
his "Hauptvalenzen und Nebenvalenzen" so another formulation had to be found.
Jensen’s suggestion that the erythro series have a p-amido bridge was very clever.
Amido bridged dinuclear complexes are known for cobalt(III) so it seems natural to
suggest them for chromium(IIT) as well. Jensen showed that the powder diffraction
diagrams for the two series were identical, which could be explained by a similar
stereochemistry for NH; and OH. Much later the correct structures of the erythro and
rhodo salts were shown to be aqua-p-hydroxo and p-oxo, respectively (24 ). The
two series are therefore not isomers, but differ in their O/N ratio. Recent activity
among Danish coordination chemists in the area of dinuclear chromium(III)
complexes was thus probably initiated by Jensen.

Work inspired by Zeise

In Denmark there is a rich tradition for sulfur chemistry dating back to the early
studies by William Christoffer Zeise (25 ). In 1832 Zeise discovered mercaptans
and realized that the sulfur in these compounds "fills the place of oxygen in
alcohol"(26 ). Except for the Ni(II) complex of the ligand ethylthiolate, prepared by
P. Claesson in 1877, the coordination chemistry of this important class of compounds
has been developed only in recent years. Jensen attacked this difficult topic very
early. In 1934

he prepared an insoluble brown inner complex by the reaction of Ni(IT) with
2-benzthiazolthiolate (27 ) . Later he prepared an extensive series of nickel-thiolato
complexes. Based on the stéchiometry and magnetic susceptibility measurements, he
concluded that these compounds consist of square planar low-spin Ni(II)S units
linked together in long chains with the sulfur atoms serving as bridges between the
Ni(II) centers (28 ).

In a few cases it has been possible to isolate and crystallize nickel(II) thiolate
complexes as oligomeric chains or rings. X-ray diffraction studies of these systems
confirm the structure predicted by Jensen ( Figure 6 )(29) .

In 1829 Berzelius had found that a yellow salt is formed if an aqueous KCl
solution is added to the residue from an evaporated solution of NaPtCle in ethanol.
In the years 1829 to 1830 Zeise made a series of careful studies leading to the
discovery of the so-called Zeise’s salt: K[Pt Cl3(C;H4)],H,0. He also analyzed the
compound formed before the addition of the KCl : [Pt Cl(C;Hy)]; called "Chloridum
platinz inflammabile" because of its flamability on heating (30 ). In the beginning of
this century Biilmann had prepared a platinum(II) allyl alcohol complex, which was
analogous to Zeise’s salt (39 ). Jensen was the first to isolate platinum complexes of
alkanedienes, in which one mole of the diene occupies two coordination sites. This
work was not published. However, in 1949 he took up the project again and
prepared the first platinum complex of cyclooctatetraene; PtI(CgHg) (31 ). Again he
used dipole moment measurement to prove that this compound is cis , and from
cryoscopic data he could show that it is monomeric. As the most plausable structure
he suggested one where the two double bonds in the tub form of cyclooctatetraene is
bonded to platinum "with valence angle 90° perpendicular to two of the double
bonds." This prediction has been confirmed for the corresponding Pd(I) compound
by X-ray diffraction (32 ), but it was not so obvious at the time that it was proposed.
This paper from 1953 accords with the simultaneously proposed molecular orbital
structure of Zeise’s salt, presented by Chatt and Duncanson at the conference in
Copenhagen ( Figure 7)(1 ). Itis even more astonishing that Jensen actually had
perceived the right structure of Zeises salt in 1937, but "pressure of other work
prevented" the publication.
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Figure 6. Suggested structure for thiolato nickel(II) complexes (Jensen,
1944) compared with a recent example of a reported structure of a cyclic
hexameric thiolato-nickel(IT) system ( Reproduced from ref. 29).
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Figure 7. Two figures depicting the bonding and structure of Zeise’s salt
presented by Chatt and Duncanson at the Symposium on Co-ordination
Chemistry, Copenhagen, 1953 (Reproduced with permission from ref. 1.
Copyright 1954 The Danish Chemical Society ).
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Later Works

Jensen’s synthesis and characterization of the first nickel(IIl) complexes was
ahead of its time (33 ). In 1949 he discoved that [Ni X;(PR3),] can be oxidized to
dark colored formally Ni(IIT) complexes [Ni X3(PR3);]. By the use of magnetic
susceptibility measurements it was shown that they are genuine nickel(III)
complexes. Measurements of the dipole moments were used to assign the
structures. A value of about 2.5 D indicated a square pyramidal structure, but later
a symmetric trigonal bipyramidal structure was chosen ( Figure 8). This structure
has been confirmed by X-ray diffraction for the corresponding Co(III) complex
(34 ). The Co(IIT) complex has an unusual intermediate spin-state (S = 1). This
has been rationalized by Christian Klixbiill Jargensen, who also gave an
assignment of the bands in the electronic spectrum (35 ).

Even though K.A. Jensen held a chair in organic chemistry from 1950, he was
still interested in coordination chemistry. A long series of his papers dealt with
thiosemicarbazides. At an early stage he observed that solutions of 1-monoaryl-
substituted thiosemicarbazides and nickel(IT) form very intensely colored solutions
when they are exposed to air. In the 60’s the nature of these complexes was further
investigated. Jensen and his co-workers ( Carl Theodor Pedersen and Klaus
Bechgaard ) showed that the ligands in these cases are oxidized to arylazothio-
formamides (36 ). Consequently, these complexes may be formulated either as
nickel(TV) complexes of thiosemicarbazides or as nickel(0) complexes of
azothioformamides. However, ESR studies suggest that the most likely
formulation is a nickel(I) center bonded to two radical anions. These ligands
exhibit an extreme case of what Jgrgensen calls “noninnocent behavior” (37).

P(Cz Hs), P(02 Hs); r
Br—-|- ———=°fr _— ; e - === P(C Hy)
\ 2 Br——|—— P(c:"g); B‘ j -7 2%s'y
\‘\Ni // ‘\\N|4 “\ Ni//
\/’ s, \‘ /’,/ \\/ ,t
8r I \Br'] (“scz)spll
P(CyHg)s Br Br
(a) (b) (c)
CXXVI
Br Br
‘H_r, cz): P\‘l ______ ,Br (Hsczls P----m == A P(CZH$)3
/,' Ni //,’ ,,I \Ni /,,/
/ ,/ // ,/
ﬁu’_.é___.mczns)3 er__/____->er
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Figure 8. Possible structures of [NiBry(PEt,),]. Jensen suggested the
correct structure CXXVI(a), based on dipole moment measurements.
(Reproduced with permission from reference 41. Copyright 1952
Prentice-Hall Inc.)
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Jensen was an efficient transmitter of the tradition of sulfur chemistry in

Denmark, and several young scientists were inspired by him. For example,
Bechgaard became a leading figure in the successful search for organic metals and
superconductors ("Bechgaard salts") via his deep insight into sulfur and selenium
chemistry.

With the death of Kai Amne Jensen in Copenhagen on May 15, 1992, Denmark

has lost one of its last polymaths, and the scientific world will miss him.
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Chapter 8

Jannik Bjerrum (1909-1992)
His Early Years

Claus E. Schiffer

Department of Chemistry, H.C. Qrsted Institute, University
of Copenhagen, Universitetsparken 5, DK—2100 Copenhagen (, Denmark

Jannik Bjerrum made several contributions of wide scope in chemistry.
The determination of stepwise complex formation in a constant ionic
medium through measurement of the concentration of uncomplexed
ligand made him world renowned. His book, Metal Ammine Formation
in Aqueous Solution, is a classic. At first, he studied ammonia
complexes of metal ions by determining the ammonia vapor pressure.
Later, his introduction of the glass electrode for determining the
concentrations of free Bronsted-base ligands was revolutionary. This
technique became a standard one in inorganic and analytical chemistry
as well as in biochemistry. The second contribution of wide scope that
Bjerrum made was his discovery of the fact that complexation reactions
that had been considered instantaneous could be slowed down in
methanol at 200 K. However, here, the development of flow and
relaxation techniques overtook him. This paper is mainly concerned
with Bjerrum’s life and with his pioneering work on the ammine
complexes of copper(Il), copper(l), and cobalt(IlI), but an account of
the background and early history of this research and its legacy to
general chemistry is also given.

There will be two contributions at this symposium to commemorate Jannik Bjerrum
and his work and to try to point at certain historical perspectives that are closely
connected with his activity through his lifetime. The present contribution is mainly
concerned with Jannik himself, with his early papers on the copper-ammine complexes
(I-3), and with his famous monograph, Metal Ammine Formation in Aqueous Solution
(4), while the other contribution, written by Christian Klixbiill Jergensen, will cover
the time from when he, Carl Johan Ballhausen, and a number of others including me
were simultaneously associated with Jannik Bjerrum as students or postdocs. JB was
at that time simultaneously a professor at the University of Copenhagen and Head of
Chemistry Department A (Inorganic Chemistry) of the Technical University of
Denmark. This was also the time when we became internationalized, first by having
Geoffrey Wilkinson and his young postdoc Al Cotton as visitors for one year (1954)
and then Arthur Adamson, Fred Basolo, and David Hume for the next year. Later
many foreign scientists visited and worked in JB’s laboratory: among them were

0097—6156/94/0565—00973$08.00/0
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Mihaly Beck, who also is a contributor to this symposium, Gilbert Haight, Clifford
Hawkins, and Alan Sargeson in the sixties, and Norman Greenwood, Jack Halpern,
Henry Taube, and Hideo Yamatera in the seventies. Jargensen was employed at the
laboratory until he left Denmark in 1959, and the year after that I moved with JB from
the Technical University to the University of Copenhagen, whose chemistry,
mathematics, and classical physics departments were obtaining new premises, named
the H. C. rsted Institute. I was together with Jannik for more than forty years, until
he stopped doing bench work in the laboratory at the age of eighty.

Jannik Bjerrum will be commemorated also in an "interview,” which is planned
to appear in Coordination Chemistry Reviews. Jergensen and I shall therefore view
Jannik and his work with our own eyes and, hopefully, with the eyes of many others
who either knew him personally or had encountered his work.

Jannik Bjerrum’s Life

As the eldest of four children and the only son, Jannik was perhaps a little spoiled. He
had a lovable mother, who took good care of him and of the rest of the family. It was
an academic family. His grandfather, also named Jannik Bjerrum, is still remembered
in ophthalmology today, and his father, Niels Bjerrum, was the most versatile physical
chemist of his generation (5) and simultaneously one of the founders of chemical
physics and one of the pioneers in coordination chemistry after Werner (6). His father
also had highly qualified academic friends, who came into their home or with whom
Jannik went on boat trips in the summer (6). Thus Jannik’s circumstances were in
many respects ideal, particularly for a career in chemistry. However, Jannik’s father
was a person of eminence even beyond chemistry. The Danish community entrusted
many important tasks to him, which required most of his attention. Moreover, his
father was a strong personality who influenced the people and the society around him
at a time when this was considered right and proper for a person of his stature. This
situation did not always make life easy for Jannik. It was my impression from being
together with the two men that the gentle-natured Jannik, even in his forties, did not
feel completely at ease in his father’s presence. It is never easy to have an exceptional
father, and it was not only persons outside the family, who admired Niels, but
Jannik’s mother Ellen as well as Jannik himself also admired him very much. I almost
feel guilty even now when referring to his father by his first name because he was in
those days what is called in German eine Respektsperson (a person held in respect),
and Respektspersonen were treated more formally at that time.

Jannik was also special, a quite different kind of character though; some persons
would call him original. His world consisted exclusively of those things in which he
was interested. His family was a large part of that; he had not only his wife, Grethe,
but also seven children and 22 grandchildren, with 2 more on the way when he died.
It is characteristic of the entire family that they have strong family ties, which never
become bonds of slavery. They remain individualists, and more so than most other
people. As far as Jannik was concerned, I think it is fair to say that science was given
the highest priority throughout his life. Science was dear to him in an unusual way.
It was my impression that he considered science sublime and most important of all for
human life and society. His wife and children were also specially dear to him, and he
gave them much attention in his special way. He liked children and young people, and
while his approach to the former was almost always educational, he treated young
people as his peers. In his later years his family meant more and more to him, and he
enjoyed teaching his grandchildren more than he had ever enjoyed this kind of activity
at the university.

As to Jannik’s own interests outside of chemistry, I think history and botany had
the highest rank. His relationship to the world of craftsmanship and even to its
practitioners was insubstantial. When he was Pro-Vice-Chancellor of the University
and attending one of those official dinners, his wife was once sitting with the Minister
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of Education of the Danish Worker’s Party, the Social Democrats, and when this man
learned that all the Bjerrum children were expected to have an academic education,
he could not help expressing his opinion that this was unsound. However, for the
Bjerrum family, it was a matter of course.

At the personal level Jannik was also different. Almost everyone would agree that
he was charming. He liked to talk, and he was always pleasant in what he said and
entertaining to listen to. He had such amusingly strong and rational opinions, often
about issues that, at least for some of us, lay beyond reason. Also, he was
unconventional in the subjects and the details that he would put forward at a lunch
table. He had a characteristic, penetrating voice that he used loudly. So if you could
mf)tt" hear him in the lab, he was either not there at all, or he was sitting alone in his
office.

He was spontaneous in what he said, but only rarely in what he did. Actually, at
any stage of his life, he planned his future very carefully, and he always asked for
advice when he had difficult decisions to make. He was highly organized and always
finished necessary chores far ahead of time. People always figured that he was absent-
minded. There was some truth to it. At any rate, it took me several years to learn to
address him in such a fashion that my subject fully penetrated his attention. This was
a useful ability to have acquired because he was omnipotent in those days in his role
as a professor. However, though he liked his position, he had no wish to be distracted
and absolutely no craving for exerting power, and he therefore left his responsibilities
to his co-workers to a large extent and rarely interfered. When he did so and others
resisted, he never bore a grudge. He did not affect conflicts, and a controversy rarely
influenced his friendly relationships for more than a day. Few people disliked him. His
spontaneity gave him an aura of innocence that was irresistible. Perhaps this was also
the explanation for the fact that he was talked about as Jannik at a time when first
names had hardly entered the Danish scene and when the use of titles had not left it
at all. In spite of the Jannik, he was highly respected for his scientific importance, for
his family background, and — at the time — merely because he was the professor.
However, he never used his status to influence people at the personal level, and hardly
at any level.

I remember him with most affection from the early years, that is, in the fifties
when he was still a newly appointed professor. He liked to associate with all the young
people. He had a natural gift for being encouraging, for letting one feel important. He
saw to it that we were together with him on every international occasion, be it at
excursions on Zealand with foreign visitors, drinking beer after a meeting, or at social
events in connection with conferences abroad. He was always with us and introduced
us to every foreign colleague from the literature as if this was an important occasion
for the foreigner rather than for us. It made one feel fine, and, at tlge same time, it
made one understand how international science was and had to be. Personally, I had
the privilege of traveling with him many times. He needed a companion, and
particularly under such circumstances when he was detached from daily duties, he was
a good friend to whom you could get quite close. It could be a little tiring because he
wanted things to happen all the time and he was able to eat constantly without getting
fat. He had an ulcer, which he maltreated over more than a decade, and everyone who
knew him also knew his ulcer.

All through his younger years Jannik had been given permission by his superiors
to work independently, concentrating on his own projects (see the interview referred
to above), and he repaid this good fortune with interest and interest on interest to his
younger associates. At that time in Denmark there was hardly any education in
research, and at least no formal one. Therefore it is not easy to set up an overall
balance of the pluses and minuses of his policy of allowing his students a great degree
of freedom, but it did create independent creativity, and I know of some who are
deeply indebted to him for it.

Jannik also had good fortune in other respects. It is historically interesting that he
almost had the study of stepwise complexation to himself for a whole decade, while
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the technique was still too laborious for everyone to acquire possession Of it.
Moreover, he came from one stronghold of pH understanding, Copenhagen with S.
P. L. Serensen, J. N. Bronsted, and N. Bjerrum, to the other, the Rockefeller
Institute in New York with Leonor Michaelis (7), where he learned about Mac Innes’
glass electrode (8), which he thereby was able to use before such electrodes became
commercially available and before the time of electronic pH meters. It was when the
Wheatstone bridge, precision potentiometers, and mirror galvanometers had a difficult
time against the 107 ohm resistance of the homemade tubular glass electrode. With this
equipment and in an environment of high humidity, Jannik developed the experimental
basis for the book that became the bible of the subject. This book, which served as a
Danish doctoral thesis at a time when almost every notable Danish scientist was an
autodidact, had the special fate of appearing in a second edition (4) and becoming This
Week’s Citation Classic (9) more than 40 years after its first appearance. Moreover,
the book has a special, historical attribute. Published in German-occupied Denmark,
it was sent via Sweden to the United States in 1941, when it was allotted 13 columns
in Chemical Abstracts.

Jannik ended his life a happy man who felt that he had accomplished what he
wanted in his scientific as well as in his private life.

Inorganic Chemistry before 1930

In inorganic chemistry the classical methods of synthesis and analysis dominated the
subject in the nineteenth century. However, Sophus Mads Jergensen and several others
with him had added microscopic investigations of crystals. This kind of investigation
became a new, physical tool, which proved useful not only in identifying solids but
also for relating complex ions of different central atoms to each other by their
occurence in isomorphic crystals. An amusing example is [RhCI(NH;)s]Cl,, whose
structure, of course, was unknown at that time. Jorgensen named it purpureo rhodium
chloride in spite of the fact that its color is yellow. It had already been realized beyond
doubt, partly from considerations of isomorphism, that red [CrCI(NH;)s]Cl, had the
same structure as purple [CoCI(NH;);5]Cl,, and to express this result in a generalizing
wording, Jergensen simply namecf the chromium compound, purpureo chromium
chloride. Here the color difference was minor, and I am sure everybody found
Jorgensen’s choice an obvious and useful nomenclature. However, Jergensen went on,
and when he had found that [RhCI(NH;)s]Cl, also belonged to this class, by analogy
he named the yellow rhodium compound, purpureo rhodium chloride. It would seem
to us today to have required a good deal of guts to name a yellow compound,
purpureo. However, purpureo was the nomenclature at the time.

Around the turn of the century, electrochemical cells became another of those
physical tools that crept into inorganic chemistry.

Werner’s factual background for his three-dimensional coordination idea consisted
to a large extent of Jergensen’s results from studies of inert complexes. With the eyes
of today’s chemist, an obvious consequence of Werner’s coordination theory would
be that complexation of an aqua ion almost had to take place in steps. Looking at the
literature of this century’s first 30 years teaches one otherwise. The problem was first
addressed in detail by Niels Bjerrum, who studied the chromium(III) chloride system
(10). He put forward the hypothesis — in the Werner language that has also become
the language of today — that only the inner coordination sphere was important for the
color of a complex. Then, after this hypothesis had contributed to allowing him to
break with Arrhenius by suggesting that strong electrolytes were completely
dissociated, he rationalized the whole complexation behavior of the Cr(III)-Cl system,
including the isolation of the new ion, [CrCl(0H2)5]2+, in salts. Later, again directed
by his profound knowledge of physical chemistry, Niels Bjerrum studied the
chromium(III)-thiocyanato system from the hexaaqua cation to the hexathiocyanato
anion, thermodynamically as well as kinetically, isolated several of the intermediate
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complexes, and determined the stepwise complexity constants (17). He also presented
a graph of the average number, 7, of ligands bound to the metal ion, and a series of
graphs, the Bjerrum S-shaped curves, containing information about the degree of
formation, o , of the individual complexes (containing k ligands) as a function of the
concentration of free thiocyanate ion. This concentration was represented by its
logarithm, which was used as the abscissa (semilogarithmic plot, ¢f. Figure 1c). This
kind of mathematization was quite novel and could have been a major breakthrough,
had the chemists of the time been more alert. However, Niels Bjerrum did not work
his results out in enough detail (/1,12) to make them appreciated.

The chemical basis for Niels Bjerrum’s analysis had been obtained mainly by using
classical methods in performing the chemistry itself, and it was difficult to think of
other systems that could be studied in a similar way. The chromium(III) complexes
were labile enough to be equilibrated, yet inert enough to be separated and isolated.
Therefore there were several reasons why Niels Bjerrum’s wonderful results from
1915 became an island in chemistry, isolated for some time. Regarding labile
complexes, hardly anything happened before Jannik Bjerrum began his work. A few
gross complexity constants had been determined early in the century with Bodldnder
(13) as the leading name, but otherwise quantitative knowledge was scarce in 1930.

Jannik Bjerrum’s Early Work: The Copper(II)- and Copper(I)-Ammine Systems

Aged 21 and still a student at the University of Copenhagen, Jannik Bjerrum was
given permission to work on his own in his father’s laboratory at the Royal Veterinary
and Agricultural School. This led to two long papers that were published in the series
from the Royal Danish Academy of Sciences and Letters (Z,2). Another paper in the
same series, also as far as chemistry is concerned (3), was the result of JB being a
visitor at J.N.Brensted’s laboratory at the University and at J.A.Christiansen’s
laboratory at the Technical University. All three papers were written in German and
were never quoted much. Their subject was not fashionable when they appeared, and
when it became fashionable more than 10 years later, their more general aspects had
already been included in the monograph (4). In fact, these three papers form another
island in chemistry, isolated in time. There was little activity in the area of stepwise
complex formation until the monograph (4) had become known. In the next three
subsections, I shall discuss the first three papers: "Investigations of Copper-Ammine
Complexes”, one after the other.

I. Determination of the Complexity Constants of the Ammine Cupric Ions by
Measurements of the Vapor Pressure of Ammonia and by Determination of the
Solubility of Basic Cupric Nitrate (Gerhardtite)(Z). JB chose to work with copper
nitrate because nitrate did not seem to complex with copper. He observed that a basic
salt, Gerhardtite, Cu(NOs),-3Cu(OH),, precipitated when ammonia was added to
copper nitrate. I think that at first he considered this a nuisance, but it became his
good fortune for several reasons. He had the idea of adding ammonium nitrate, which
by making the solution more acidic solved his immediate problem of preventing the
basic salt from precipitating. The ammonium nitrate provided additional advantages.
It favored ammonia in its competition with hydroxide ion so much that for all practical
purposes only ammonia complexes were formed. Finally, since JB had chosen, in
order to have specified conditions, to use 2 M ammonium nitrate throughout, he
simultaneously obtained a medium in which the concentration mass action law was
likely to hold in spite of the fact that the equilibrium expressions contained ions.
Actually, this idea of using ammonium salts in connection with the study of ammonia
complexation became the standard procedure in subsequent work, and, much more
importantly, it focused attention upon the general idea of using a medium of high salt
concentration, which I believe goes back to Bodldnder and which had been elaborated
by Brensted. It now became general practice. Therefore, from then on, complexation
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in aqueous solution was no longer studied in water or in water with a known ionic
strength (below 0.1 M) but in a medium consisting of a high concentration of some
salt chosen so that its cations and anions were likely to have no mass action effect on
the equilibria studied, that is, they were unable to form complexes with any of the
species present in the complex equilibria.

JB now addressed quantitatively the famous copper-ammonia complexation reaction
whose history goes back to Andreas Libavius’ observations in the 16th century. In
Table I JB’s numerical results, valid for the medium, 2 M ammonium nitrate, and at
291 K, are given. Below the array of numbers, the general step constant, K, , has
been defined and denoted (14) in the way that has become international, partly tﬁrough
the influence of his book (4) and partly through that of Stability Constants, whose first
edition (15) arose out of JB’s private compilation. Table I, containing JB’s first set of
data, will be used as a running example through the rest of this paper.

Table 1. Data for the Copper(II)-Ammine System
1 II I v \ VI viI Vi

n 107K, log®K,/M7Y) K /K, K Kpvr  Tantr Spntr Lppsa

1 205 431

4.39 8/3 0.64 043 022
2 467 3.67

4.25 9/4 063 035 0.8
3 1.098 3.04

5.46 8/3 074 043 031
4 02012 2.30
5 0.000345  —0.46

x - ML

"ML, L)

Solumn II contains the results for the step constants that came from JB’s analysis of
ata.

The major qualitative conclusion was that complexation takes place in consecutive
steps. At first the aqua ion takes up one ligand, then the next one, and so on. It is a
stepwise building-up process from the point of view of the ligand, but it is still today
not known if uncomplexed copper(Il) in aqueous solution is a tetraaqua, a pentaaqua,
or a hexaaqua ion. In fact, it is even doubtful that a clear distinction can be made.
Similar remarks apply to the number of water molecules in the complexes.
Thermodynamically, this is a non-issue because the mass action of water (water
activity) is effectively constant in 2 M ammonium nitrate. At any rate, the experiments
clearly revealed the stepwise character of the formation of the tetraammine-copper(II)
complex. Moreover, it was now obvious that this system could no longer be described
fully by using only one complexity constant but that it required one constant for each
of its steps. The quantitatively new result was the numerical values for the set of step
constants.

The copper(Il)-ammine system was the first labile metal-ligand system that had
been studied in this detail and deprived of its secret of being stepwise in character.
This was known to be the case also for the inert chromium(III)-thiocyanato system
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(11,12), and it was therefore likely that it was a general property of this kind of
system. As we all know today, this turned out to be the case.

The results of Table I allowed a deeper analysis. Of course, the larger the step
constants, the more dramatic the underlying chemistry. Therefore the most noteworthy
of column II is the fact that the first four step constants are pronouncedly larger than
the fifth one. JB expressed this by introducing a new terminology. He said that the
characteristic coordination number N and maximum coordination number N’ for
copper(I) are equal to 4 and 5, respectively.

Because of its special thermodynamic stability, the tetraammine system will be
discussed separately. Instead of using the most direct and conventional thermodynamic
modeling in terms of its four step constants (column II), it can be alternatively
modeled in terms of the geometric average of these constants, K, combined with
three ratios of step constants, for instance those of consecutive constants (column IV).
K,, is simply related to the gross constant 34 as follows:

K, = K K,K:K, = 8, = 21.0-1012 M* )
K,, = 2.14-10° M’} @

Equation 1 shows that describing the tetraammine system solely by K, is equivalent
to describing it solely by 8,. Thus one might say that all JB’s fundamentally new
results about the tetraammine system are concentrated in the step constant ratios,
which contain information about the spreading of the five species from the aqua ion
to the tetraammine over the concentration scale of uncomplexed ammonia. We shall
be throwing much more light on this issue later in this paper. Here we limit ourselves
to the statement that the value for K, og equation 2 implies that the system is formed
in the neighborhood of [NH;] = Iézv' = 4.7-10* M (cf. Figure 1a). Moreover,
including three independent step constant ratios means that all the available
information about the spreading mentioned is included.

JB considered the logarithm of two consecutive step constants, log(K /K, . ;)
(column III), which he named (4) "total effects”, T}, ,,; (column VI). This Teads to
a discussion of affinities. The major quantity here is the average standard affinity,
RTInK,, , for taking up one mole of ammonia. Since RTIn10 = 5.574 kJ-mol™ " at 291
K, one obtains RTInK,, = 18.6 kJ-mol~!. This free-energy quantity, which is the
arithmetic average of the standard affinities of the four step reactions (cf. equation 1),
is the primary piece of chemical information about the formation of Cu(NH3)42+ from
the aqua ion. Its magnitude is of the order of magnitude of the energy of a hydrogen
bond. When it is small compared with energies of normal chemical bonds, one has to
remember not only that it is not an enthalpy but a standard free-energy quantity but
also that it refers to some sort of a substitution of ammonia for water in the inner
coordination sphere. In this sense all the step constants are difference quantities when
referred to the microscopic situation.

It was mentioned above that K, , together with the three X, /K, , ; ratios, form a
complete set of equilibrium-constant observables for the tetraammine system.
Likewise, log(K,,/M™"), together with the three "total effects", Ty n+1 » form a
complete set of standard affinity observables. If the three "total effects of1 column VI
are multjplied by RTInl0, the resulting standard affinities are 3.6, 3.5, and 4.1
kJ-mol™ 1, respectively. It isi notable that these three quantities are close together, with
an average of 3.7 kJ-mol™". This average quantity might be taken as the secondary
piece of factual information about the tetraammin?-copper(ll) system, since it is rather
clear that this quantity, together with log(K,,/M "), will reproduce the data quite well.
However, this is not the customary way of analyzing the data. Each of the three
quantities that were averaged is the differential standard affinity of two consecutive
step reactions, or, equivalently, the standard affinity of the comproportionation
(reverse  disproportionation) reaction producing the intermediate complex,
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Cu(OH2)4_n(NH3)n2+ (n =1, 2, and 3). Again referring to Table I, the first two of
the consecutive step reactions have been used to illustrate this in equations 3, 4, and
S:

Cu®* + NH; = Cu(NH;)?* K, A3)
Cu(NH,)>* + NH; = Cu(NH,),2* K, @)
Cu?* + Cu(NH;),2" = 2 Cu(NH5)** K|/K, ©)

JB’s "total effects" were written as a sum of two terms, called the "statistical
effect” (column VII) and the "ligand effect" (column VIII), where the latter one in
general could be split into an "electrostatic effect” and a "residual effect” (called the
"rest effect"). For the step constants of consecutive steps, this may be written:

y=T,,, =S, +L

K

. ii+1 hiv1 sirt = Siga ¥ By + Ry =

i+1 K./ (6)
log(——l'—) +E,, + R

i

log(

i+l

where the primed constants are the statistical step constants. They are purely
theoretical quantities, calculated on two assumptions:

1) the N coordination positions are equally probable, that is, they remain
statistically equivalent during the stepwise complex formation.

2) The average step constant for these equivalent steps is that known from
experiment.
Thus, in this statistical model, it is assumed that the free-energy discrimination
between the five species of the tetraammine system does not arise from an energetic
difference between the binding of the two kinds of ligand (here ammonia and water)
but rather from the standard entropy_that depends on the numbgr of ways, (;), the
individual species, Cu(OH,), (NH i2+’ can be built up from Cu *, OH,, and NH;.
According to this model that provides the four statistical constants, K;’(i = 1,2,3, and
4), corresponding to the five generalized gross constants 8;’(i = 0,1,2,3, and 4), the
following expression is perhaps the simplest one:

8, =&,  G=01..N @)
implying (¢f. equation 1)
K’ =K, (N—i+1)/i @ =12,.N) ®

We shall call the coefficient to K, in equation 8 the statistical factor. From this
equation the following symmetry reYationship is derived

K,2=K"Ky_;\, @i=12,..N) ()

The statistical model is an oversimplified model for part of the inner-sphere standard
entropy, but it is parameter-free as far as the ratios between the statistical constants,
K;/IK;, are concerned. Thus the numbers in columns V and VII arise from this purely
mathématical model. The numerical values of K, are for the tetraammine-copper(II)
system K;’(i = 1,2,3, and 4) = 8560, 3210, 1417, and 535 M1, respectively, whose
exact ratios are to be found in column V. This simple one-parameter model turned out
to account for most of the deviations of the experimental step constants from their

geometric average, K, , which is the only parameter of the model.
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The electrostatic effects, E; ; , referring to complexes with i and j ligands, are per
definition absent here because tﬂe ligands are uncharged. Then the "ligand effect” and
the "residual effect” make up the same concept. This has been expressed in equation
10:

K/
E,,=0 L, =R, 108( X L) - l°g(—) (10)

i*l i*l

However, the story is not quite finished at this point. It is also possible to combine
the statistical model with the entire set of data. At first this will be done by direct
reference to Table I. The "total effects” (column VI) and their associated standard
affinities for the three comproportionation reactions of the type of equation 5 were
discussed above. These experimental standard affinities, R7In10-7,, . may be split
into a statistical set RTIn10-S, , , ; and a residual set RTIn10- R, R1 e
The statistical set, which is d’érlved solely from the parameter )free statlstlcal Thodel
and as such is a set of purely mathematical quantities, has the values 2.4, 2.0, and 2.4
kJ-mol’!, while the residual set has the values 1.2, 1.5, and 1.7 kJ- mol ! with a set
average of 1.5 kJ-mol"}. This average may be taken as the secondary piece of real,
chemical information about the stepwise formation of the tetraammine system in the
data reduction by the statlstlcal model, when K ,,, is taken as the primary quantity. This
small quantity, 1.5 kJ mol ™, is the average statlstlcally—oorrected standard affinity for
the three consecutive comproportlonatlon reactions of the type of equation 5. Because
the statistical correction has been made, it is believed to represent a more chemical
quantification of the system’s preference to unlike ligands in the coordination sphere.
This is probably why it was associated with the term "ligand effect". However, the
preference might equally well be rationalized as a central ion property: ammonia is a
better donor than water, and therefore the central ion already complexed with
ammonia will have reduced accepter properties.

The tertiary piece of chemical information is that the quantities of column VIII of
Table I increase. This is probably significant for the copper(Il) system, but JB himself
(4) expresses some doubt as to whether his results for other central ions are accurate
enough for similar conclusions to be reliable. Even the tetraammine-copper(Il) system
is rather well described by the use of only two chemical parameters (K, together with
the average of RTInl0-T, , ;) or, perhaps better, by adding the parameter-free
statistical description by rep acing RTIn10- T, by RTnl0-L,

If the ePtrre set of residual affinities (éollumn VIII) is tairen together with
log(K,,,/M~"), this is Just a parameter transformation relative to a description in terms
of the four consecufive step constants. An alternative method of performing an
equivalent transformation has become rather common: a statistical correction of the
experimental step constants by division by the statistical factors. For the tetraammine
system these factors are by equation 8 equal to 4 3/2, 2/3, and 1/4, respectively,
giving the statistically corrected constants (in Ml ) of 5125 3113, 1647 and 805,
whose logarithms have differences that are the "ligand effects" (column VIII) or
"residual effects” (cf. equatlons 1 and 2).

It is likely that JB’s fundamentally new results were in 1930 looked upon with
scepticism, if not suspicion, because they had been obtained by such an intangible,
mathematical analysis of data. Of course, the mathematics is the same as that involved
in obtaining the acidity constants of the tetraprotonic pyrophosphoric acid, H,P,0;,
whose step constants are much more different, making the relation between experiment
and theory more direct and transparent. "Moreover, _this system resembles the
phosphoric acid system where the steps in the complexatlon (protonation) of the
phosphate ion take place in quite distinct parts of the pH scale.

Because of the scepticism toward mathematization, which, I am sure, JB at the
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bottom of his heart shared with his contemporaries, he was probably pleased that he
could support his results with more readily understood results from solubility
measurements. These will be touched upon presently. Also in publication II (2),
discussed below, additional evidence was provided for the stepwise character of
complex formation.

The condition for eguilibrium between the copper-ammine solution and the solid

phase, Cu(NO;),-3Cu(OH),, can be formulated as the expression, [Cu®*][NH,]*2,
being a constant. This expression was shown to be quantitatively consistent witi1 the
step complexity constants found from the analysis of the vapor pressure data over a
wide range of concentrations of free ammonia.
II. The Complexity Constants of the Pentaammine Cupric Complex and the
Absorption Spectra of the Ammine Cupric Ions (2). This publication, which was
based upon measurements of absorption spectra using a visual comparison Konig-
Martens spectrometer, is interesting in the present context for four reasons.

1. It shows that each step of complex formation from the aqua ion to the
tetraamminecopper(II) ion is accompanied by a blue-shift of the absorption smaximum
of 1200 cm ™", while the formation of the pentaammine complex gives a red-shift from
the tetraammine complex, also of approximately 1200 cm~!. The maximum molar
absorptivity similarly increases from 10 for the aqua ion with steps of 10 all the way
up to the tetraammine and then a step of 30 to the pentaammine complex.

2. In the interval between [NH;] = 0.5 and 10 M, all absorption spectra can be
written as a linear combination ota those of the tetraammine and the pentaammine
complex showing that only these two complexes exist in this interval of concentrations
of free ammonia.

3. The half-width of the experimental absorption curves is invariably larger than
that of the calculated curves for the individual complexes. This is additional evidence
that the mathematical analyses of vapor pressure data as well as of absorption data are
realistic in supporting the existence of monoammine, diammine, triammine,
tetraammine, and pentaammine (14).

4. The complexity constant for formation of the pentaammine from the
tetraammine is seven thousand times smaller than the geometric average, K, , of the
first four step constants. This is an example of how quantitative data, by their
irregularity, can sometimes provide interesting new qualitative results. In this case, of
course, the qualitative interpretation is that the first four ammonia molecules end up
binding to copper(II) equivalently, probably in a square arrangement, while the fifth
ammonia binds quite differently, probably perpendicular to the plane of the other four.

As one often sees in the history of chemistry, observations of scientists in their

early years influence their work of much later years. There is no doubt that JB’s early
interest in the colors of complexes and, in particular, in the relationship between the
colors and the structures became the basis for his inspiration of his entire laboratory
almost 25 years later (see here Christian Klixbiill Jergensen’s contribution about Jannik
Bjerrum at this symposium).
IIL. Determination of the Complexity Constants of the Ammine Cuprous Ions by
Electrochemical Measurements and of the Equilibrium between Cuprous and
Cupric Ammonia Complexes in the Presence of Copper Metal (3). Every chemist
knows that a solution of copper(II)-aqua ions in equilibrium with copper metal contains
virtually no copper(I). The qualitative observation which is the basis for the
publication that will now be discussed is that if ammonia is gradually added to this
equilibrium, established in 2 M ammonium nitrate, copper metal will gradually
dissolve, the blue color of copper(Il)-ammines will fade, and, eventually, the solution
will become colorless.

By using a copper amalgam electrode, which in effect is a copper(I)- and
copper(I)-aqua ion electrode, and a pure mercury electrode, which is a redox
electrode, JB remeasured and confirmed the gross complexity constant 8, and the fifth
consecutive constant K5 for the copper(Il)-ammine system and provideﬁ, in addition
to a number of standard redox potentials, the two step constants of the copper(l)
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system. These were found to be 8.6-10° M~ ! and 8.6-10* M~!. These constants are
more different than those of the statistical model because they have a ratio of 10.0 as
compared with the statistical ratio of 4 (¢f. equation 8). A data transfgrmatlion of the
two constants is parametrization by their geometric average of 2.72:10° M~ " (average
standard affinity per ammonia of 30.3 kJ mol ~1 at 291 K) plus a term referring to the
comproportionation constant analogous to that of equation 5. The most direct
expression for this term is the "total effect”, T} , = 1.0, or the associated standard
free energy term RT1In10-T; , = 5.6 kJ-mol -1 ’Ilﬁe statistjcally corrected standard free
energy term RTIn10-L; , = RTIn10-R, , = 2.2 kJ -mol~! (cf. the above discussion of
the tctraammine-copper’ﬁl) system, in particular, equations 5 and 6). It is seen that in
the copper(I)-ammine system the statistical model is able to account for 60% of the
experimental spreading of the three species on the log([NH;]/M) scale.

Most systems that have been studied possess a spreading that is wider than the
statistical one or, in other words, show a positive residual effect. It is therefore
noteworthy that the silver(I)-amming system (4), which, in regard to coordination
numbers (I7) and characterizing d'% configuration, is analogous to the copper(I)
system, has a negative residual effect. This unexpectedly low occurrence of the
silver(I)-monoammine complex — only 20% at the maximum — is not understood.
However, in view of the very small standard free energy differences that we are
concerned with, it will probably be a while before we come to understand the subtle
difference between copper(l) and silver(I).

In his later years JB became interested in complexes with very small complexity
constants. This is a tricky business because under the circumstances where such
complexes are formed, a constant medium to make a concentration mass action law
applicable cannot be maintained. Nevertheless, from an inorganic chemical point of
view, the qualitative question of which species are formed under specified conditions
is especially interesting, whereas the question of whether their stability can be
described by good constant constants is only of secondary importance. For this kind
of investigation, fingerprint methods are particularly suited, and JB returned to his
beloved absorption spectra and provided strong evidence for the formation of a
triammine complex in strongly ammoniacal solutions in the copper(l) (I7) as well as
in the silver(I) system (19).

One of Jannik Bjerrum’s last pagers (20) was coauthored by his youngest son,
Morten and concerned JB’s father’s first system (10), the extremely weakly complex
chromium(III)-chloride system.

The Concepts of Stepwise Complex Formation, Its Internationalized Notation, and
Its Influence on Contemporary General Chemistry

In the following it is assumed that the central system takes up ligands of one particular
kind, consecutively, while the complexed system remains mononuclear throughout the
entire complexation process (4). The central system need not be a metal ion. Other
examples are a Lewis acid taking up bases or a base taking up protons.

For this kind of system mass action conditions are such that all variable ratios
between concentrations of all species present (I4) depend on only one variable: the
concentration, [L], of free, that is, uncomplexed ligand (4). The stoichiometric
concentrations of metal ion, Cy; , and of ligand, C; , with which the experimentalist
begins, can be expressed:

i=N i=N .
Cy = YL IML] = Y pMILLY (1)
i=0 i=0

In Coordination Chemistry; Kauffman, G.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Publication Date: November 4, 1994 | doi: 10.1021/bk-1994-0565.ch008

July 25, 2012 | http://pubs.acs.org

108 COORDINATION CHEMISTRY

i=N i=N
C, = [ + Y iML] = [L] + Y ifMILY (12)
i=0 i=0

where, by definition, 8= 1, and where the product complexity constants, 8; , are
given by

_ ML)
MILLY

There is a one-to-one relationship between the concentration of uncomplexed ligand
[L] and the average number of bound ligands, 7. This is a consequence of the mass
action equations. The monotonic function, 7i([L]), is called the formation function of
the system, and for a fixed value of this function, the ratios of concentrations of all
species (14) are fixed (4). The formation function has the form

B, = K,KK,...K, (13)

i=N
L LY
; = CL [L] - =0 (14)
CM i=N
Y B
i=0

where, after the introduction of the mass action expressions, the fraction has been
reduced by the concentration, [M], of free metal ion.

Solutions of the same complex system having the same 7, and thereby the same
[L], are called corresponding solutions (I8). They obey Beer’s law in terms of
stoichiometric concentrations in the spectral range where only the complex species
including the aqua ion contribute to the absorption.

A graph, 7 versus log([L]/M), has an S-shape when the step constants are close to
those of the statistical model. The functional value, 7, then moves asymptotically
either toward the characteristic or the maximum coordination number for large values
of [L] (Figure 1a). The graph, i versus p[L], has, of course, the shape of the mirror
image of an S.

It is the focusing upon the intermediate species that is the idea of the stepwise
complexation. Because the absolute concentrations of these species depend on Cy, as
well as on [L], it is the fractional distribution of Cy; upon the concentrations o%dthe
different ML, species that is of special interest. These quantities are called the degrees
of formation, a,, , of the individual complexes. They are given by

, oMLl B
n Cy i=N (15)
Y By
i=0
and the meaning of the sum rule
i=N
> -1 a6
i=0

is immediately understandable by the mole-fraction character of the alphas. By using
the expression 14, another sum rule
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i=N _
Yia, =n 17
i=0

can be derived.

Introduction of the alphas into the expression for 7 gave the most beautiful general
expressions -of the entire mathematization process. Equation 18 was derived by JB in
his monograph (4), and he always talked about it as the extended Bodldnder formula
because Bodlénder (16) had derived it for the special case of n = 0. This formula is

_ d(log an) _ ;l “n (18)
d(log[LD

It should be noted that n is an integer, whereas 7, of course, varies continuously
between zero and the maximum coordination number N’ (¢f. Figure la). If the
differential quotients of equation 18 are plotted versus log([L]/M), an array of graphs
is obtained, the components of which are congruent to the graph, 7i versus log([L]/M).
The meaning of equation 18 is that if the degree of formation of any complex species
is known as a function of [L}], then the entire system is known.

The concepts and the notation that have now been reviewed make up the legacy
of this research to general chemistry. In addition, certain graphical representations
have become standard ones, and they will be presented now.

Figure 1la contains three graphs that all represent 7i. The least steep graph is the
"experimental” formation function that is calculated by using equation 14 together with
the step constants of Table I, valid for the copper(II)-ammine system. This graph has
two inflection points and 77 > 4 for high values of log([NH;]/M). It includes the
information, K , about the weakly bound pentaamminecopper?ll) complex.

The graph that is steepest at the common inflection point applies to the one-step
complexation reaction. This graph is obtained by assuming that the only species
present are the free copper ion and the tetraammine complex, with the 8, value as
implied by Table 1. In this case one has the expressions:

I .. B, LI (19)
™ML 1o+ gLyt
4
L 20)
1+ p,L1

This graph is an illustration of the consequence of the old view on complex formation
that the species of highest coordination number — in the copper(II)-ammonia system,
the characteristic coordination number, which is 4 — is formed in one step.

The graph of intermediate slope illustrates the formation of the system that has the
84 value of the copper(II)-ammine system but a statistical distribution of all complex
species, N being assumed equal to four.

In order to comprehend the contents of the three graphs, it should be realized that
only B, is required in order to draw the two model-theoretical graphs (the two steepest
ones): in the steepest graph B, is the only complexity constant, and in the intermediate
one, the other 8 values follow from 8, by the probability considerations (cf. equation
8). The fact that the experimental graph is the least steep o