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Axel Christian Klixbiill Jargensen (1931-2001)

Claus E. Schiffer

University of Copenhagen, Department of Chemistry, Universitetsparken 5,21000 Kgbenhaven,
Denmark

Axel to his parents, Christian to his friends, Klixbiill to his country, and C.K.Jor-
gensen (in Danish C.K.Jgrgensen) to the world community of chemists: almost
symbolic that a person so much out of the ordinary should have four different
given names and two unusual letters, the German i and the Danish ¢ in his
surname.

Christian was extraordinary even when he was a child. Even though originat-
ing from a family without bookshelves, he could read, write and do arithmetic
before he entered school. In his early teens, he made personal friends for life
among active scientists. At first his curiosity led him to an astronomer who soon
taught him about the spectra of stars. With this knowledge, he visited the last
atomic spectroscopist of the Niels Bohr Institute, Ebbe Rasmussen, who intro-
duced him to the world of atoms and to how we describe their spectra. At the
same time - during the second world war - he carried out chemical experiments
in his mother’s kitchen while his father served on the Danish school ship under
the American flag.

As a freshman, Klixbiill read Jannik Bjerrum’s thesis entitled “Metal Amine
Formation in Aqueous Solution”. He did this overnight and formed his personal
opinion about certain points, which he discussed with Bjerrum the following
morning. The thesis was a book of 300 pages describing the “ligand method” for
the determination of stability constants, not exactly an easy-reader for an almost
school boy.

As the first freshman ever to appear regularly as a guest in the scientific labo-
ratories, Klixbiill made himself famous in Chemistry Department A of the Tech-
nical University of Denmark. In the beginning, everybody wanted to experience
this young wonder and his readiness to discuss any chemical problem. However,
he was so engrossed that even direct reference to one’s need to do other things
could not stop his monologs. Therefore, after a while, he was courted less. This
was in 1950.

He not only obtained an unusual degree at the University of Copenhagen, a de-
gree in chemistry, physics, and astronomy, but he also managed to avoid organic
laboratory work entirely. This was contrary to the standard training of chemists
in Denmark at that time, which was classically experimental with a whole year of
practical organic chemistry, three full afternoons a week. But he found this sub-
ject uninteresting.

C.K.Jgrgensen appeared in the literature as early as 1953 after he had studied
the alcohol solvation of metal ions together with his adviser, Jannik Bjerrum,
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2 Claus E. Schiffer

who was the permanent head of the laboratory. This issue was followed up over
a couple of years before the case was closed, unfinished, and with an argument
in Nature with L.I. Katzin from Argonne National Laboratory. The nature of the
competition between water and anions in alcoholic solution was never properly
elucidated, but the story made him skeptical about the general usefulness of the
mass action law and sharpened his general critical attitude toward the estab-
lishment.

He finished his master’s degree in January 1954. There was no such thing as a
Danish Ph.D. degree at that time, but in 1957 he delivered his thesis in the Danish
tradition, much resembling the British Dr. of Science degree or the German
Habilitation. The title was “Energy Levels of Complexes and Gaseous Ions” and
attached to the thesis were 11 out of some 30 papers, primarily written by him-
self alone. Only two years after his master’s degree, he had already established
himself enough to be invited as a main speaker (Orgel and Nyholm being among
the others) at the Xth Solvay Council on the colors of metal compounds. This was
just after his 25th birthday.

Also in 1956, Jorgensen entered the 4f and 5f clubs, uniting the two. He did
this by a small interdisciplinary note in J.Chem.Phys. In the same year he pro-
duced two papers on the 4f spectra as members of a series of ten papers with the
common main title “Studies of Absorption Spectra”. Jannik Bjerrum had taken
the initiative with the first one of these crystal-field papers in collaboration with
his student C.J. Ballhausen, and Jergensen had joined in as a coauthor. This pa-
per treated the copper ammine system and provided a theoretical explanation of
the “pentammine effect”, which is the unusual phenomenon that the replacement
of the copper(II) ion’s fifth water molecule by ammonia leads to a red-shift of the
absorption band in the visible region. The very discovery of the pentammine and
the “pentammine effect” had been instrumental in bringing Jannik Bjerrum on
to the scientific scene more than 20 years earlier.

The following “Studies of Absorption Spectra” became a common effort by
C.J.Ballhausen and C.K.Jergensen. However, they mostly acted individually.
Ballhausen, who also finished his master’s degree in 1954 with Bjerrum as his
adviser, was the single author of two of the papers giving an account of how the
Ilse and Hartmann’s point-charge formalism for d' and d? systems could be used
to handle d° and d® systems, respectively, and also in a point-dipole formalism.
Five of the papers were authored by Jorgensen alone. In three of them, he dis-
cussed the shapes of the absorption bands, spin-forbidden transitions, and the
relationship between the highest spin-multiplicity energy levels among d9 con-
figurations. In the next two papers he discussed 5f* systems and systems with
three and more f-electrons. The series ended with two papers, where Ballhausen
and Jergensen’s efforts were united, mainly in discussing the splitting of the
energy levels of cubic complexes by crystal fields of lower symmetry.

Klixbiill worked in a cellar room during all his years in Denmark, and I was in
the neighboring room. We were the only people in that part of the building and
had alot to do with each other. He was always very kind and an inspiring person
to be around, but he created an environment in which it was not too easy to work.
He provided almost constant entertainment, sometimes at a high level, while at
the same time he would do his other work. It was a strange sensation to be en-
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tertained by a person who only looked at you now and then and who quite appa-
rently did other things at the same time. In order to survive these working con-
ditions, I had to make the agreement with him that he kept away on his weekly
literature day when he was irritable while excerpting each paper of interest on an
index card. When he had his measuring days, which not only involved making up
solutions using a graduated cylinder, but also mass action considerations that
could be quite complicated, he would often come and beg me to be present so that
we could discuss “less trivial matters.” But even though he was kind, he was not
an easy person to have around. Discussions with him often led him to suggest
that “we write about it” Then, by the next morning and at the latest the following
Monday morning, he would deliver a draft to a paper embracing our common
efforts in his own, often quite original thoughts, whose details were frequently
presented in a stream-of-consciousness kind of way. It was never possible for me
to join in as a co-author under these conditions and his “method” rarely led to
collaboration in any of the usual meanings of the word. However, later in life, he
did contribute with his special expertise to papers on many different issues and
involving co-authors from several different countries through the years. As to our
early years together, when Klixbiill became Christian and Schiffer became Claus,
I am grateful in retrospect; and I was lucky enough to be able to develop the
nephelauxetic series and the angular overlap model (AOM) together with him.

Jorgensen had the remarkable ability of being able to extract the quintessence
of articles not only on chemistry, but also on physics and astrophysics, without
necessarily understanding their details. In addition, he could use this compre-
hension for widening the perspective of his own work. Even though he was like
a computer with his encyclopedic memory, he was much more different from a
computer than most other humans in that he was often able to correlate not only
his stored data, but also concepts, which other people would not have imagined
to be related.

His focus on his immediate aims was also exceptional. His most permanent in-
terest was absorption spectra of solutions. Therefore, his first question was ine-
vitably: What is/are the species? And in answering this question he was very
astute. Then his only important spectroscopic question was: What are the posi-
tions of the absorption bands? In order to obtain a quick answer to this second
question, he broke so much with tradition that he was severely criticized at the
defense of his thesis. He had decided that since we did not have good theories for
the shapes and intensities of the absorption bands, it was, at that stage of our
knowledge, a waste to spend much extra time in obtaining these quantities
accurately. At the time, he was alone with that attitude, but in retrospect - looking
at what he accomplished - one has to conclude that he was right.

Even in his Solvay report (1956), Jergensen had already collected together
experimental evidence that our ligand-field treatment of the 3d elements could
be successfully extended to 4d and 5d, a fact which was unexpected at that time.
Moreover, the crystal-field series “Studies of Absorption Spectra”(1955) had
hardly been finished when he began a crusade against crystal-field theory (the
electrostatic model). He always claimed that this model died at the Solvay con-
ference. This was not to say that the theoretical formalism died; the empirical
parameters, however, required a different physical interpretation involving the
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idea of covalency as a comparative concept. Thereby, a unification of the treat-
ment of the ligand-field spectra of 3d, 4d, 5d, 4f, and 5f complexes was brought
about, along with an emphasis on their similarities and differences.

A few years later Jorgensen became one of the pioneers of our understanding
of the so-called ligand-to-metal charge transfer spectra, which he called electron
transfer spectra because he was able to rationalize them on the basis of molecu-
lar-orbital electron configurations which had preponderantly either ligand or
metal character. This was a major accomplishment bringing order into an appa-
rent chaos.

He wrote five books in the 1960s bringing his own work into perspective.

In the seventies, when the technique of X-ray photoelectron spectroscopy
became commercially available, he again contributed considerably to our know-
ledge by reviewing almost the whole periodic table. He used his usual technique
based upon induction from his new spectral results; this time he was able to ob-
tain knowledge about the energies of certain inner electrons. Again his produc-
tivity was overwhelming, but his accuracy and reproducibility were hampered by
charging-up effects of his non-conducting solid samples. An impact of this part
of his work on the chemical community at large has yet to be seen.

Exotic subjects such as the prediction of the chemistries of quarks and of not
yet known trans-uranium elements were among his interests in his later years
when he also fraternized with the astrophysicists.

During his early chemistry studies, he had produced philosophical papers on
trivalent logic, but it was not until he was established in chemistry that he found
a place to publish his contributions in this area.

At the age of 29 he had left Denmark, never to live in that country again.
After 2 years at the NATO Science Adviser’s office in Paris, where he instituted
several of the NATO-sponsored scientific gatherings, he was attached to the new
Cyanamid European Research Institute in Cologny, near Geneva, where he was
allowed to establish and run a small group of people doing fundamental science.
When this institute was closed down eight years later, he moved to the Univer-
sity of Geneva where he spent his remaining active years.

Jorgensen’s eagerness to give improvised talks remained a characteristic of
him. Moreover, he did this with equal enthusiasm to a large audience and to one
or two people in a corridor. These latter monologs had of course a more conver-
sational character and were perhaps his main oral contact with the world outside
himself. A black board was his most beloved utensil all through his life, and
during a lecture or conversation he could almost paint it white by using up the
last bits of empty space. Sometimes his lectures were brilliant: original, inspiring,
and communicating a lot of new results from all over the world, often not yet
published, his own or those of others. From before his bachelor’s degree he cor-
responded with an unbelievable number of people, and this also led him to his
future wife. She was French and felt most comfortable in surroundings where her
mother tongue was spoken. Unfortunately, she died when their children were still
small.

Christian and I were friends for 50 years and remained feeling like boys,
comfortable in each other’s company. We always had lots of scientific matters to talk
about and did not often touch upon personal matters. Christian was a solitary man.
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Jorgensen’s experimental and conceptual contributions, especially to ligand-
field theory’s connection with chemistry and chemical bonding, form one of
the success stories of inorganic chemistry of the 20th century. Were it not for his
somewhat esoteric style, he would probably not only have been the dominating
figure he was, but he would also have left the subject in such a form that rein-
ventions would forever have been unjustified. As it is, many of his original ideas,
results, and concepts have become universally accepted, but their origin, history,
and context have been forgotten - and thereby the full perspective that lay in his
thinking. In spite of this, the 2000 pages he produced during less than two de-
cades (1954-1971) will probably continue to be studied and quoted for a long
time to come.
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Whereof Man Cannot Speak: Some Scientific Vocabulary
of Michael Faraday and Klixbiill Jergensen
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Abstract Inventing new words and phrases is an indispensable means of capturing new con-
cepts that arise as science advances. Some comparisons are made between the approaches
of the nineteenth century natural philosopher Michael Faraday and the twentieth century
spectroscopist Christian Klixbiill Jorgensen in their approach to naming new phenomena.
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Words for Things

In their pursuit of larger truths, often encapsulated in short aphorisms, even the
greatest philosophers can sometimes be guilty of making approximations. Thus,
when Ludwig Wittgenstein finished his major work on linguistic philosophy,
Tractatus Logico-Philosophicus with the famous phrase ‘whereof we cannot
speak, thereof we must be silent’ [1], he failed to take account of a situation that
occurs quite frequently in science, as newly uncovered facts about the world call
for new concepts to describe them. In science, when we find something for which
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8 Peter Day

there is no existing vocabulary, it is certainly not customary to remain silent.
What is normally done is to invent a new word or phrase.

This procedure of coining new phrases to embrace new facts or new levels
of understanding goes back to the very foundations of the scientific enterprise.
Indeed, a good case could be made that it is a fundamental part of the whole
procedure of gaining intellectual ascendancy over the world of natural phe-
nomena. Astronomers of the era of the scientific revolution were adventurous
employers of vocabulary, and the chemists, having such a diverse array of
phenomena to encompass, were not far behind: Just think of the potent sway that
the concept symbolised by the word ‘phlogiston” held over chemical theory up to
the late eighteenth century. In the first half of the nineteenth century, one of the
most prolific coiners of new phraseology was Michael Faraday. In fact, two quite
disparate fields of science still bear the hallmark of his invention till the present
day. Early in Faraday’s career, electrochemistry (a word that we owe to Faraday’s
mentor, Humphry Davy) was at the centre of his interests, while two decades later
it was magnetism. Before considering some of Jorgensen’s contributions to the
language of chemistry, it is pertinent to document briefly some of the great con-
tributions by his illustrious forebear.

2
Michael Faraday and Scientific Vocabulary

One of many remarkable features of Faraday’s career was his lack of advanced
education [2].Indeed, his formal education ceased at the age of 13,in 1804, when
he was apprenticed to a bookseller and bookbinder Mr. Riebau. Consequently,
it is not surprising that his knowledge of mathematics remained rudimentary
throughout his life, probably not stretching much beyond simple arithmetic.
Although his laboratory notes contain geometrical diagrams (for example the
lines of induction around magnetised bodies), there is no evidence that he was
capable of drawing quantitative conclusions from them. Among the earliest of
many protestations found in his voluminous writings about a handicap in com-
prehending mathematical reasoning is a letter to Ampere in 1822, in which he
takes refuge in the primacy of experimental facts, regarding mathematics as a
navigational compass of uncertain efficacy. Here is what he wrote [3]:

I am unfortunate in a want of mathematical knowledge and the power of entering with facility
into abstract reasoning. I am obliged to feel my way by facts closely placed together, so that it
often happens I am left behind in the progress of a branch of science (not merely from the want
of attention) but from the incapability I lay under of following it, notwithstanding all my exer-
tions. It is just now so, I am ashamed to say, with your refined researches on electromagnetism
or electrodynamics. On reading your papers and letters, I have no difficulty in following the rea-
soning, but still at last I seem to want something more on which to steady the conclusions. I fancy
the habit I got into of attending too closely to experiment has somewhat fettered my powers of
reasoning, and chains me down, and I cannot help now and then comparing myself to a timid
ignorant navigator who (though he might boldly and safely steer across a bay or an ocean by the
aid of a compass which in its actions and principles is infallible) is afraid to leave sight of the
shore because he understands not the power of the instrument that is to guide him.

In contrast to his suspicion of mathematics as a tool, Faraday was intensely con-
cerned with inventing and defining new words to encapsulate the new pheno-
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mena that his experiments were opening up. The ironic tone of the following
description (in a letter of 1831 to the chemist Richard Phillips [4]) of how the
word ‘electrotonic’, now quite vanished from the scientific vocabulary, came to be
coined, should not be taken at face value:

This condition of matter I have dignified by the term Electro-tonic. What do you think of that?
Am I not a bold man, ignorant as I am, to coin words? But I have consulted the scholars.

Despite his own propensity for coining words, Faraday was not above casting
scorn on others who sought to do the same. The line between illumination and
obfuscation in the way that technical language is used remains a narrow one for
science even today. William Whewell (the Cambridge historian and classical
scholar) frequently gave advice to Faraday about etymology, enveloping the new
objects of science in classical language. In one of his letters, Faraday wrote to
Whewell as follows [5]:

Your remarks upon chemical notation, with the variety of systems which have arisen with
regard to notation, nomenclature, scales of proportional or atomic number etc., etc.,had almost
stirred me up to regret publicly that such hindrances to the progress of science should exist.
I cannot help thinking it a most unfortunate thing that men who, as experimentalists and
philosophers, are the most fitted to advance the general cause of science and knowledge should,
by the promulgation of their own theoretical views under the form of nomenclature, notation
or scale, actually retard its progress.

Faraday’s earliest lasting contribution to scientific nomenclature arose from his
experiments in the 1820s and early 1830s on the electrolysis of aqueous solutions.
He also sought advice about nomenclature from another friend, William Nicholl,
which he passed on in a letter to William Whewell in 1834. That letter contains
the first ever mention of the words ‘electrode’ and ‘electrolyte’. In contrast it is
interesting to observe that another word ‘zetode’ did not survive. In his letter to
Whewell, he writes [6]:

I wanted some new names to express my facts in electrical science without involving
more theory than I could help, and applied to a friend Dr. Nicholl, who has given me some
that I intend to adopt. For instance, a body decomposable by the passage of the electric current,
I call an “electrolyte”, and instead of saying that water is electro chemically decomposed I say
it is “electrolysed”. The intensity above which a body is decomposed, beneath which it con-
ducts without decomposition, I call the “electrolytic intensity”, etc., etc. What have been called
the poles of the battery I call the electrodes. They are not merely surfaces of metal, but even
of water and air, to which the term poles could hardly apply without receiving a new sense.
Electrolytes must consist of two parts which, during the electrolysation, are determined the one
in one direction, the other in the other towards the electrodes or poles where they are evolved.
These evolved substances I call zetodes, which are therefore the direct constituents of elec-
trolytes.

Faraday also accepted other suggestions from Whewell, amongst which anode,
cathode, cation and anion are still with us, and furnish the staple vocabulary of
electrochemistry, although others (dexiode and skaiode) did not stand the test of
time. In the following letter thanking Whewell for his help, he is clearly exercised
not only about the clarity for the new words but also by their euphony [7]:

All your names I and my friend approve of (or nearly all) as to sense and expression, but I am

frightened by their length and sound when compounded. As you will see, I have taken dexiode
and skaiode because they agree best with my natural standard East and West. I like Anode and
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Cathode better as to sound, but all to whom I have shown them have supposed at first by Anode
I meant No way.

I have taken your advice, and the names used are anode, cathode, anions, cations and ions;
the last I shall have but little occasion for. [How wrong he was in that prediction!]. I had some
hot objections made to them here and found myself very much in the condition of the man
with his son and ass who tried to please everybody; but when I held up the shield of your
authority, it was wonderful to observe how the tone of objection melted away.

Twenty years on from his electrochemical experiments, Faraday was working on
magnetism. This period gave us two more words, used in the physical sciences to
this day, diamagnetism and paramagnetism. The concept that lines of magnetic
induction are more closely packed together inside a paramagnetic body than in
free space,and less so in a diamagnetic one, remains valid after 150 years. Again,
he reported his choice of words in a letter to Whewell, at the same time hazard-
ing the idea that paramagnetic oxygen in the atmosphere might contribute to the
earth’s magnetism (now we know that it does not). It should also be noted how
defensive he sounds about sharing his ideas until they are fully worked out for
publication - a thought that resonates strongly with the modern world! The 1850
letter to Whewell reads as follows [8]:

I have been driven to assume for a time, especially in relation to the gases, a sort of conduct-
ing power for magnetism. Mere space is Zero. One substance being made to occupy a given por-
tion of space will cause more lines of force to pass through that space than before,and another
substance will cause less to pass. The former I now call paramagnetic and the latter are the dia-
magnetic. The former need not of necessity assume a polarity of particles such as iron has
when magnetic, and the latter do not assume any such polarity either direct or reverse.I do not
say more to you just now because my own thoughts are only in the act of formation, but this I
may say: that the atmosphere has an extraordinary magnetic constitution, and I hope and
expect to find in it the cause of the annual and diurnal variations, but keep this to yourself until
I have time to see what harvest will spring from my growing ideas.

My reason for documenting these thoughts is not in any way to belittle the
accomplishments of Klixbiill Jergensen in the much narrower field of science in
which he operated, but rather to illustrate how important it is to enlarge language
to symbolise new concepts. Before describing some of Jorgensen’s creative flights
with language, however, it is pertinent to recall a few facts about his origins.

3
Klixbiill Jorgensen and the Language of Science

3.1
Beginnings

In almost no respect did Jorgensen’s upbringing and education resemble that of
Faraday, save that both were precocious students [9, 10]. Jorgensen’s father was
an officer on a naval training ship but the family moved to Copenhagen, where
he went to school and to university. He was a voracious pupil, with an early
interest in science fostered by experiments at home with a chemistry set, much
as in Faraday’s case. It was there that he began his lifelong interest in the lan-
thanides, which he tried to separate by fractional crystallisation. His interest in
optical spectroscopy was also kindled by a member of the staff of the Niels Bohr
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Laboratory in Copenhagen. At the University of Copenhagen he quickly moved
beyond the reading set by his lecturers to include, for example, the doctoral dis-
sertation of the then Head of Department, Professor Jannik Bjerrum, who later
supervised Jorgensen’s research. One can imagine how surprised the eminent
professor must have been at being interrogated by one of his students about the
details of his own thesis.

Jorgensen’s first publications concerned thermodynamic properties in col-
laboration with Bjerrum [11, 12], but apart from a few theoretical works co-au-
thored with Ballhausen [13-15], practically all the publications from the early
part of his career (and, indeed, many subsequently) carry his name alone. In this
respect at least, his career does resemble that of Faraday, who worked and pub-
lished mostly alone. A further point of resemblance is in speed of working: in the
first five years of his career, Jorgensen published 44 papers, bearing out Faraday’s
famous maxim, ‘work, finish, publish’. Of course, the compass of Jergensen’s
interest was narrower than Faraday’s, but it is certainly fair to say that, at the
earliest part of both men’s careers, they had the good fortune (or, more probably,
good judgement) to find themselves at the point of entering into a new chemical
landscape; in Faraday’s case it was electrochemistry, in Jorgensen’s, chemical
spectroscopy. In intellectual terms, both fields were at that early stage where prac-
tically any new observation opens a new horizon for speculation. That suited
Jorgensen’s style of working very well: he was in the fortunate position that the
then newly developed technology of photoelectric detectors made it possible for
the first time to record visible-ultraviolet spectra of metal complexes in solution,
where the absorption bands were often weak and rather broad. Almost any
compound taken from the bottle and dissolved in water would have a spectrum
exhibiting some new feature. More important than that, the technology made it
possible quickly to build up series of spectra of closely related compounds and
hence establish correlations of the kind that form the traditional methodology
of inorganic chemistry.

In the hands of the unimaginative, that may be called ‘stamp collecting’ but, as
a prelude to comprehending the manifold factors contributing to a given out-
come, it is an essential first step. And Jorgensen, like the young Faraday, was com-
mitted from the start not just to interrogate nature but to comprehend it. That,
of course, meant theory, but the theory of electronic structure of many electron
systems like transition metals and their complexes was not then (or even now)
susceptible to exact solution. Judgements as to approximations were therefore
fundamental to the process of extracting the maximum of insight with the min-
imum of complexity. Jorgensen’s own view of the place of theory in chemistry is
expressed in characteristically graphic terms in the following [16]:

Chemistry is very young as a science, and the most plausible and coherent hypotheses about
the nature of chemical bonding have changed very rapidly. However, the waves of new dis-
coveries have deposited a sediment of theory, which is not so thixotropic as sand though it is
not as firm as rock.

So it was in pursuit of understanding chemical bonding by means of informed
approximation that Jergensen embarked on his relentless accumulation of spec-
troscopic data. In this he proclaims his purpose, in the very first sentence of the
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Preface to his first book ‘Absorption Spectra and Chemical Bonding in Com-
plexes’ (as, indeed, also in the title) [17]:

Our knowledge of the electron clouds of gaseous atoms and ions is based on the energy
levels, studied in atomic spectroscopy. It has been generally realised among chemists that
the study of energy levels, i.e. the absorption spectra, is equally fruitful in helping our under-
standing of the chemical bonding, not only in transition group complexes, but in every type
of molecule.

We find the same sentiment at the end of his fascinating book ‘Oxidation Num-
bers and Oxidation States’ [18]:

Since the properties of matter surrounding us are essentially dependent of the electronic struc-
ture alone, the combination of chemistry and spectroscopy is of utmost importance for our pre-
liminary and provisional, but ever progressing understanding of our complicated and fasci-
nating world.

Let us now examine a few of the new concepts and the imaginative new termi-
nology that Jergensen coined to describe them.

3.2
Insight from Neologisms

3.2.1
Preponderant Configurations and lonic Colours

Jorgensen was never much taken with the minutiae of optical spectroscopy;
polarisation selection rules, cryogenics, magneto-optics and so on concerned
him little. The energies and intensities of transitions were sufficient for his pur-
poses of identifying what he called preponderant configurations [19]. Indeed,
completely qualitative observations were sometimes brought to bear, as in his
coining of the phrase ‘additivity of ionic colours’ [20]. By that he meant cases
where, for example, a blue cationic complex formed a salt with a yellow anionic
one, creating a green solid and indicating that not only did the complexes retain
their electronic integrity in the new environment, but that there was no signifi-
cant electronic interaction between them. Conversely, where there was non-
additivity, such interaction existed and was manifested either in substantial
spectral shifts or the appearance of new absorption bands. A famous case of the
former is Magnus’ Green Salt, Pt(NH;),PtCl,, formed from a colourless cation and
a pink anion [21] and of the latter the many instances of intervalence transitions
in mixed valency compounds [22].

3.2.2
The Nephelauxetic Effect

Of all the words and phrases invented or applied by Jergensen to encapsulate the
phenomena that he was uncovering in the electronic spectra of inorganic com-
plexes, the one which is likely to prove the most durable is ‘nephelauxetic’.In a few
favourable cases the energy of a particular ligand field transition is determined
only by a variation in interelectron repulsion, rather than orbital excitation. Such
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transitions are called intraconfigurational since they correspond to a change in
the total spin quantum number within a given configuration. Examples are:

6A;;—*A,,, “E, in octahedral Mn(II)
*A,4—E,, * T}, in octahedral Cr(III)

Since there are very large numbers of each kind, and the transitions are relatively
easy to identify in the spectra, placing them in an empirical series is straight-
forward. In fact, the corresponding effect in 4f complexes had been known for
half a century [23],and some discussion of the difference between hexaquo- and
hexammino-complexes had already taken place [24]. Adding a much larger
number of ligands to the series, however, served to emphasise a qualitative cor-
relation with their reducing character and, since the transition energy depends
only on the interelectron repulsion, served to emphasise change in the effective
radius of the 3d orbital going from the gaseous ion to the complex. The more re-
ducing the ligand, the lower the repulsion and the larger the effective radius [25].

Just as Faraday approached Whewell for words to add classical dignity to
his new results, so Jorgensen turned to Professor K. Barr of the University of
Copenhagen. What emerged was ‘nephelauxetic’ from the Greek for ‘cloud ex-
panding’. It was further noted that the nephelauxetic ratio f (being the ratio of
the electron repulsion parameter B or C found in the complex to that of the
gaseous ion in the same oxidation state, i.e. same preponderant configuration)
was determined by the interplay of two phenomena, to which Jergensen gave the
further labels ‘central field’ and ‘symmetry restricted’ covalency. The former
implies the invasion (Jergensen’s word) of the central ion by electrons from the
ligand forming bonding molecular orbitals and hence decreasing its effective
charge, while the latter arises from the contribution of the ligand atomic orbitals
to the antibonding molecular orbital containing the unpaired electrons. Some-
what later Schaeffer proposed the ratio of ligand field splitting to electron re-
pulsion (A/B) as a measure of ligand field strength, to which he assigned the
symbol X [26]. This brought forth from Jergensen a further linguistic flourish
[27]. He pointed out that the latter is the first letter of the Greek work ogodpding,
meaning ‘force applied against a resistance’, in this case interelectron repulsion
acting against spin pairing. Correspondingly, A can be thought of as the first
letter of 8vapig, meaning force as a potential ability. Finally (even more whim-
sically), the letter  might easily have been chosen for the nephelauxetic ratio for
the word Bdtpayog (frog) from the legend about the frog wanting to blow him-
self up to the size of an ox! Unfortunately, what Jergensen calls ‘this mnemotech-
nic derivation’ is, as he writes, a posteriori.

3.23
Innocent Ligands

Other well judged epithets for phenomena connected with the distribution of
charge and its rearrangement after electronic excitation flowed from Jorgensen’s
copious imagination. Thus, in an adjective still widely used, he distinguished
ligands like H,0 with closed shells, making complexes with unambiguously
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defined oxidation states, from ones like NO and maleonitrile-dithiolate, where the
degree of electron donation is uncertain, by calling the former innocent [28].
Sadly he never labelled the antithesis - would it have been guilty? Where more
than one non-innocent ligand is attached to a central metal atom, he also found
it helpful to speak of the ligand array as being ‘collectively oxidised’. In the excited
state of an electron transfer transition, such as that of IrCls?>-, where an electron
has been transferred from a ligand-based molecular orbital to the metal 5d shell,
the same situation applies, i.e. to a good approximation we have (Cl)s>~. Likewise,
the tendency of hard or non-polarisable ligands to come together around a metal
centre, or of soft with soft, he correctly called symbiosis, extending the meaning
of the word beyond its usual biological context of two species interdependent on
one another [29]. Thus, for example, Mn(CO),X are far more stable for X=I, H,
CHj; and have not been synthesised for X=F.

3.24
Oxidation Numbers and Oxidation States

The phrase oxidation state goes right to the heart of inorganic chemistry, and
was current for very many years before Jargensen came on the scene. There is no
doubt though that it has been defined in a variety of ways and hence employed
in quite an ambiguous fashion. Jergensen applied himself to setting it in the con-
text of modern theories of chemical bonding, in particular in one of his most elo-
quent and insightful books ‘Oxidation Numbers and Oxidation States’ (already
referenced several times), which provides us with further examples of his ana-
lytical and expository style. In the course of the first few pages of text he intro-
duces no fewer than five different concepts related to oxidation [30]. First are for-
mal oxidation numbers, to be written as superscript small Roman numerals such
as Cu'l, Cr'! though with the anachronism that zero and negatives can be added.
These are to be distinguished from (spectroscopic) oxidation states, which are de-
rived from the excited states observed in the visible-ultraviolet spectrum. In that
case the Roman figures are written on the line and in parenthesis, such as Cr(III)
and may also occur in the description of chromophores like Cr(III)Og4, occurring
in KCr(S80,),12H,0 and Cr,0;. Next came conditional oxidation states, defined
with respect to the parent configuration found from atomic spectroscopy, but
taking account only of the partly filled shell having the smallest ionic radius. Thus
the three configurations of Ti**, Ti* and Ti° (respectively [Ar]3d? [Ar]3d?4s and
[Ar]3d%4s?) would all be counted as being Ti[II] (note the square brackets). One
reason for this classification is the simultaneous occurrence of localised and de-
localised electrons in some solids, e.g. metallic Prl,, which would be counted as
Pr[III] from its magnetic properties, or even the lanthanide elements themselves.
It also makes contact with the concept of preponderant configuration mentioned
earlier.

The two final definitions, quanticle oxidation states and distributed quanticle
oxidation states, take us into more controversial territory. The word quanticle was
coined by Fajans [31] to denote one or more (most frequently an even number)
of electrons quantised with respect to one or more nuclei. Where only one
nucleus is concerned, of course this is synonymous with nl-configurations, but
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where there are more it can be taken as representing the molecular orbitals of the
valence shell. Jorgensen writes the atomic constituent lacking all the electrons
taking part in the bonding quanticles as, e.g. N{III} in NH; and N{V} in NH,",
while the ‘distributed’ variant is obtained by sharing each two-electron quanticle
equally between the two atom bonds, e.g. N(0) in NH; and NF;, N(1) in NH,*.

Apart from his having accepted a contract to write a book on ‘Oxidation Num-
bers and Oxidation States’, and a decision to enter fully into all the ways in which
such terms could be defined, it is hard to imagine from our current perspective
why the author should have devoted such intellectual energy to these arcane dis-
tinctions. Quanticles have certainly taken the same path to oblivion as Faraday’s
zetode. However, it is nevertheless fascinating to observe the performance and
the manner of deploying a formidable body of factual information and theoret-
ical insight. As he acknowledges, ‘there seems to be a kind of inverse variation of
the physical content of various possible definitions of oxidation states and the
number of compounds to which these definitions can be applied’ [32].

3.3
Chemical Taxonomy and Taxological Quantum Chemistry

As we have seen in earlier sections of this brief appreciation, two themes run
through Jorgensen’s approach to chemical theory. These are, first, a reliance on
spectroscopic evidence to establish ‘preponderant configurations’, naturally of
the excited states themselves, but by extension also the ground state. By ‘spec-
troscopy’ we mean, in the first instance, excitations within and around the valence
shell (frontier orbitals in the organic chemist’s phraseology) observed by elec-
tronic absorption and emission spectra up to (say) about 6 eV. Towards the end
of his career as an experimenter, Jorgensen turned to the then newly invented
photoelectron spectroscopy in an effort to broaden the horizon of energy levels
being brought into consideration, but his results are less illuminating, in part be-
cause of experimental difficulties in respect of surface damage and charging, so
they are not referred to here. The second impulse driving his science was the de-
sire to comprehend, through classification, what were the major factors govern-
ing not just the appearance of the spectra that he empathised with so closely, but
the quantum chemical bonding principles that determine them. In this, he
aligned himself with the traditional approach of the inorganic chemist (or, as he
once described himself to the author, ‘inorganic physicist’) [33]:

... if people still devote their efforts to try to understand chemistry, there is hope. The empir-
ical facts of chemistry have been fashioned into many theoretical descriptions with time;

most of these descriptions have been abandoned again; but there remain always some pleas-
ant memories.

Classification means labelling, and labelling often means finding new words. The
eighteenth and nineteenth centuries represented the apogee of taxonomy, when
biologists imposed order on a vast array of newly found species by inventing
botanical and zoological appellations. Jorgensen had a similar conception of
chemistry beginning as natural history but progressing to understanding
through classification, and introduced the new word taxology, which he defined
as follows [34]:
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When we use the word taxology about quantum chemistry, we are trying to draw attention
to the meta-theoretical, the higher-type aspect in Bertrand Russell’s sense, propensity of
preponderant electron configurations suitably chosen to classify correctly the symmetry types
of the ground state and lowest excited states .... No criterion is safer for the presence of a
definitive spectroscopic oxidation state than the observation of such a complicated manifold
of excited levels with the predicted symmetry types. The paradoxical situation is that this clas-
sification works even though we know that ¥ of many electron systems do not correspond to
well-defined configurations ... The whole theory of such configurations is a masquerade
played by Nature; it is as if the preponderant configurations are taxologically valid.

The mention of Bertrand Russell in the above quotation is representative of a
deeper interest in the philosophy of classification, which emerges in the follow-
ing [35]:

Whereas Aristotle was interested both in formal logics and in botany, there has not in recent
times been a very strong interaction between chemistry and formal logics ... the British
philosopher Jevons pointed out that the natural sciences in actual practice frequently use de-
finitions of the type ‘metals are materials having the properties common to sodium, iron and
gold’ ... the examples are chosen as different as possible and yet compatible with the intention
... Both Aristotle and the reflecting chemist immediately start wondering about essential and
accidental properties.

What is interesting here is that Jorgensen, good chemist as he was, makes no
mention of the simple theory-based definition that a metal is a solid in which one
can define a Fermi surface. However, the problem can be posed when defining ox-
idation states from preponderant electron configurations, and Jorgensen comes
back again to Bertrand Russell’s theory of types, i.e. that it is the class itself and
not its members individually which may be numerous. Thus the ground and low
lying excited states of IrF, all belong to the situation where three 5d-like electrons
and hence the oxidation state Ir(VI) is a good descriptor. Without committing
any judgement about the fractional charge of the central atom (probably between
2 and 3), higher energy excited states belong to a preponderant configuration
with four 5d-like electrons and hence designated Ir(V), probably with a similar
fractional charge on the Ir.

As an amusing aside on essential and accidental properties, Jorgensen invites us
to consider the class of halogens: it is certainly a chemically interesting statement
that all halogens have odd atomic numbers. Given the laws of atomic structure, it
is inconceivable that any newly discovered halogen would not. On the other hand,
it is certainly an accident (as Jorgensen says, only of interest to someone having
access to just the first volume of the Chemical Abstracts index) that the English
names of all the halogens begin with one of the first ten letters of the alphabet! The
key issue regarding the validity of definitions or classifications is thus their stabil-
ity against future discoveries. Astatine could equally well have been called syn-
tomine (from the Greek ‘brief’) or taxyboline (from the Greek ‘rapid gun-fire’)
according to Jergensen, but the point about atomic number remains robust.

4
Chemistry, Philosophy and Language

Although the phrase ‘natural philosophy’ has a long and honourable pedigree, the
words ‘chemical’ and ‘philosophy’ are not associated very much. In part, perhaps,
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that is because chemistry (at least in earlier times) had more the character of nat-
ural history, that is, of a dense and fascinating jungle of compounds and phe-
nomena, through the trees of which it was often quite difficult to see the wood.
Even today, it remains notoriously hard to predict the crystal structure of a new
molecular compound from a knowledge of its chemical formula. Chemistry,
therefore, remains wonderfully capable of springing surprises (fullerenes and
molecular superconductors, to name but two relatively recent examples). Or, as
Jorgensen wrote in the late 1960s, ‘at one time, the class of non-metallic ferro-
magnets was thought to be as empty as earlier the class of aerostats heavier than
air’ [36]. So description and classification founded on quantum-mechanically-
based approximation remains a viable (indeed, in many cases the only) option.
A final quotation [37]:

It is not reasonable for the chemist to sit down and wait for the pure theorists to deduce every-
thing ab initio; experience shows clearly that the preliminary steps of approximate calculation
have an unfortunate tendency of producing non-sensical results from incorrect assumptions,
unless these are strictly governed by a realistic knowledge of the experimental facts.

Classification and description need words, both the facility to manipulate the ex-
isting ones and an ability to coin new ones.I have tried to show in this brief mem-
oir that Jorgensen was a master of language, albeit on occasions a somewhat idio-
syncratic one. At no point up till now has any reference been made to the fact that
English was not his first language. Like so many of his compatriots, however, he
was equally fluent in several languages, though with a pronunciation that re-
mained resolutely Danish. Access to the instincts of vocabulary in a more general
sense must be a prerequisite to coining new words and phrases for scientific pur-
poses. A glance at Faraday’s voluminous writings shows that he too had that in-
stinct for language [2, 3]. There is no doubt that both men enriched our scientific
vocabulary greatly while searching to encompass their new findings.

Acknowledgements I wish to pay tribute to a multitude of fascinating conversations and ex-
tensive correspondence over many years with Klixbiill Jorgensen, which did much to form my
own approach to chemistry and science in general.
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List of Abbreviations

AOM Angular Overlap Model
LFT Ligand Field Theory

1
Introduction

A basis for interpretation of chemical bonding, electronic spectra, magnetic sus-
ceptibilities, and other properties of molecular compounds is obtained by com-
puting reliable energy level schemes using a well established quantum mechan-
ical model. This covers the calculation of molecular orbitals, the electron-electron
repulsion, and, if applicable, spin-orbit coupling and interactions with external
fields. In ab initio calculations which in general use self-consistent field method,
the molecular orbitals and electron-electron repulsion part are processed in a
joint procedure yielding energy levels (multiplets) and sets of orbitals which are
in general different for each level. In most of the semiempirical models the mol-
ecular orbital energies and electron repulsions are calculated separately. The set
of molecular orbitals remains rigid and is not changed nor optimized for each of
the energy levels on calculation of the electron interaction part. The multiplet
energies result from different occupations of orbitals which contain bonding and
antibonding contributions between the atoms in the molecule.

Main procedures up to date for investigating the electronic structure of tran-
sition group complexes in the ground state and excited states are primarily semi-
empirical methods which are appropriately adapted to the type of molecule con-
sidered. Ab initio and eventually density function calculations of molecules, as
large as those with ligands and metal ions in the center, are carried out only for
supplementary purposes and deal for the most part with the electronic ground
state.

Among semiempirical methods primarily the ligand field theory LFT [1-3]
must be mentioned together with its subsequent variation usually addressed
as “Angular Overlap Model” (AOM) [4-6] which is the today’s most common
version used for calculations. The importance of this method is demonstrated by
its large flexibility which allows for establishing different extensions for various
purposes which are, e.g., introduction of the phase-coupling concept [7], con-
sidering s-d and p-d orbital mixing [8], regarding misdirected valency [9] and
even use for molecules of extended structures (chains, layers, etc.) [10]. In this
context the cellular ligand field (CLF) [11] should also be mentioned which aban-
dons the idea of introducing parameters purely depending on metal-ligand
atomic pairs that are characteristic for the AOM and all of its varieties.

All these semiempirical methods have in common that they only calculate
orbital energies. The electron-electron repulsion part necessary for obtaining
energy levels (multiplets) is left to a second part of the calculation. Procedures
for handling this problem which furnish satisfactory results obtaining experi-
mental standards, have been proposed in earlier days at various occasions. The
earliest, and straightforward way is to use the repulsion part of d-electrons from
the free central ions and neglect the intricacies arising from the molecular sym-
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metry which necessarily is lower than spherical. For an ion with d-electrons in a
molecule of D, symmetry, for instance, a total of ten non-vanishing interelec-
tronic repulsion integrals of the type

1
ac [—

(in atomic units) evolves which gives rise to an equal number of different para-
meters in a semiempirical model [12, 13]. This emerges, e.g., from introducing
different radial parts R(Z.) in the Slater functions (central-field covalency)
and/or applying orbital reduction factors ¢, attached to the central metal ion
function py; (symmetry-restricted covalency) arriving at molecular orbitals
(LCAOs) as [13,14]:

bd> (1)

Iy

Yao=cuu(nd, Z.) + ¢ X, pr (2)

The function combines central metal d functions with a sum of ligand functions
v, of appropriate symmetry. The consideration of reduction factors ¢, or Stevens
delocalization coefficients as they are also called [14] causes an inflation of pa-
rameters. However, if they are introduced in a limited number where orbital
intermixing is essential, they can be quite useful for explaining low symmetry
splittings. In the case of Cr(III) ammonia complexes of C,, symmetry this has
been demonstrated for transitions within the t,,> (octahedral) electron configu-
ration where level splittings in first order perturbation only depend on electron-
electron repulsion integrals [15].

The number of relevant parameters is drastically reduced when the inter-
electronic part of the model is approximated by assuming entire spherical sym-
metry using the corresponding integral types valid for the free ions of the
central metals. This is justified since transition group elements when forming
chemical bonds largely maintain their d-electrons localized on the central ion.
Therefore parameters representing integrals over radial wave functions in spher-
ical symmetry can be further used for the complex compounds although their
numerical values are distinctly reduced compared to those of the free metal ions
(nephelauxetic effect [2, 16]). In this case the number of parameters for d-elec-
tron structures is limited to three, where either Slater-Condon parameters F*
(k=0,2,4) [17] or Racah parameters A, B, and C [18] may be used. Although the
parameters F° or A, respectively, cancel when differences of energy levels are con-
sidered, as in the case of explaining electronic spectra, the remaining parameters
sets of two, i.e., F2, F4, or B, C, seem to be for most of the authors still inconve-
niently large. Therefore, for same reason they further cut down the number of in-
terelectronic parameters to one by assuming the relation y=C/B to be constant
for the free transition metal ions and all their compounds. This drastic approx-
imation has its origin from the classical work of Tanabe and Sugano [19] who de-
rived from the spectra of free ions of the first transition series y values of 4 to 5.
They calculated a relation of y=3.97 largely independent from the effective
nuclear charge when evaluating the integrals from Slater-type radial functions.
More extensive calculations which include spin-orbit coupling in general came
to lower y relations when the integrals were adapted to experimental results, e.g.,
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Liehr reports y values of 3.9 to 4.4 of free V(III), Cr(III), Co(II), and Ni(II) [20].
Jorgensen in the majority of his work used y=4 for all transition metals that
he applied for free ions as well as for complex compounds [14, 16, 21, 22]. This
assumption was taken over by many other authors [23].

For obtaining better agreement between theory and experiment, Jorgensen
introduced different B parameters for each set of energy levels which arise from
an electron configuration (e.g., using tetrahedral group theoretical symbols,
t,"=ys" or, for a mixed electron configuration, t,"e"=y,"y;") [14,16,22]. The ne-
phelauxetic quotients

,B = Bcompl/Bfree ion (3)

relating the B parameters obtained by fitting the spectra of the complexes to
those of the free central ions therefore may be different which is indicated by Bss,
35, and PBs;. Some of these data are listed in the tables of the articles mentioned.
Since the more drastic requirement keeping y a constant was maintained, the
electronic repulsion parameter set is only increased from one to three members
(instead of six if the Cs were allowed to vary freely as well). The empirical model
of different 3;; parameters for explaining intra- and interconfigurational elec-
tronic transitions, however, has not been accepted by the scientific community to
the same extent as other ideas of Jgrgensen.

Since semiempirical models are well appreciated when they can explain a max-
imum of experimental data from a minimal number of parameters and this with
sufficient accuracy, any introduction of further parameters should be avoided
unless it promises a comparatively higher precision or a lot more insight into the
system. This is, however, not expected from present procedures. Therefore we
consider at the present time the model which assumes well accomplished spher-
ical symmetry conditions for the electron-electron interaction part of the theory
and which allows the parameter sets F?, F* or B, C, respectively, to vary indepen-
dently when adapting these parameters to the experiment. We shall not differ-
entiate between orbitals of different d-electron subshells. Consequently this
investigation applies only to cases of d-electrons highly localized on the central
metal. The main subject of the present investigation is to look at relative sizes of
the F? and F* (or B and C) parameter values and, in particular, demonstrate how
these parameters change individually, one larger than the other, with covalent
bonding when metal ions are forming complex compounds.

2
Theory

2.1
Parameter Definitions

The treatment of the electron-electron repulsion part in quantum mechanical
calculations requires the solution of two electron integrals of Eq. (1):

1
ac|—

I Iy

1
bd> - f f a*(1)b(1) — ¢ «2)d (2)dr,dr, (4)
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For Slater or hydrogen functions which are in general used for free atoms and in
LCAO approximations of molecular orbitals as those in Eq. (2), the integration
over angular parts of Eq. (4) is straightforward and easily carried out. The solu-
tion of the radial part with Slater functions R(r;Z:) leads to non-vanishing
integrals of the type

Fk_jJRZ rl,Z*

Gk= J.JR (r, Z) R (11, Z+€ ) R (12, Z) R (15, Z:S) 1 2dr 1,2 dr,
(5)

with k=0, 2,4,6,...,where r_ (or r.) is the smaller (larger) distance r, or r, of two
interacting electrons from the atomic nucleus [12, 17] which is the origin of the
coordinate system. Both integrals are shown to be positive [17] as is expected
from expressions representing electron-electron repulsion energies. When
dealing with equivalent electrons within a given electron configuration (R,=R,),
the two types of integrals of Eq. (5) are identical (for given k), i.e.,

Fk= Gk (6)

Z:°)r2dr; r,2dr,

This is the case, for instance, for an atomic d-shell; however, at lower symmetry
when dealing with electrons in molecules, different effective charges Z. are to be
attributed to the d-orbitals of different sub-shell configurations, for instance Z."
and Z.¢ in t,"e™ for cubic symmetry. This again casts some doubts on the con-
ceptive standard when introducing different B parameters in the expressions of
intra- and intershell electron transitions (B55#P35#P3;) as outlined above. In
this case exchange integrals GX cannot be identified with coulomb integrals F* as
set in Eq. (6).

The integrals F* in principle can be calculated from wave function by the

rlzdrl} R2(r,) r,2dr

use of
K — 2
F j [ f R, (rl) .

However, since radial parts of the wave functlons in general are not well known,
a straightforward solution of these integrals is not carried out. Instead they
are considered as parameters which are determined by fitting to the electronic
spectra of the compounds. In semiempirical theories the integrals over radial
parts are known as Slater-Condon parameters.

For obtaining more convenient numerical sizes, parameters F, instead of Fk
were introduced which for d orbitals are converted by

.| 2dr, + fR (rl)

1 1
F,=—F? and F,=—F 8
P49 faa ®
The coefficients are the reciprocal of integrals over the angular parts of Eq. (4)
which in the calculations is always attached to each F* integral. Sizes of F* para-
meters for f orbitals can be reduced correspondingly [12, 13]. For an investiga-
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tion of relative magnitudes of integrals and its changes by varying the radial
parts, which is the main object of the present investigation, we must, however,
deal with F* parameters (see below).

Another useful set of parameters has been introduced by Racah [18]:

A=F'-49F,,B=F,-5F, andC=35F,. 9)

They have some advantages, in particular because energy differences between
levels with maximal spin quantum number S arising from an electron configu-
ration are always multiples of the parameter B only. As Slater-Condon parame-
ters the Racah parameters necessarily must also be positive since physically they
describe electron-electron repulsions. This immediately has the consequence that
relations such as

F°>49F, and F,>5F, (10)

must hold. Unless F, is unusually large compared to F, we can conclude from
Eq. (9) that

C>B (11)

is generally valid. Detailed parameter relations will be discussed in Sects. 2.2.and
3 where model parameters determined from the experiment are considered.

2.2
Parameter Relations

The main subject of the present article deals with the investigation of relative
sizes and expected changes of the electron-electron repulsion parameters due to
chemical bonding that can be compared by extrapolation from the electronic
spectra of complex compounds. Predictions to be made are based on the dis-
cussion of integrals originating from the wavemechanical treatment of electro-
static interelectron repulsion given in Eq. (5).

2.2.1
Slater-Condon Parameters F*

For an investigation of dependences of the integrals in Eq. (5) on a general pa-
rameter z, we proceed as used in the derivation of the Hellmann-Feynman the-
orem [24, 25]. Accordingly, the variation of F¥, when assuming R,=R,=R, is

k

2 2 2
o R (r) ry?dryr,*dr,

aFk OR?(r;) r.
I
K

d
+ff Rz(rl)a—z<rr;+l)Rz(rz)rlzdrlrzzdrz (12)

Therefore we can consider the variation due to wavefunctions and to the opera-
tor separately. For a rigorous analysis the analytical z-dependences of the wave-
function and the operator should be known.
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2.2.1.1
Variation with k

Considering the variation with k putting k=z in Eq. (12), the first integral van-
ishes since the function R(r) definitely does not depend on k. The operator in the
second integral is when we set r_/r.=x:

1 o 1
— —x*=—xFlnx (13)
r. ok r.

Since x by definition is limited by
0<x<1 and Inx<0 (14)

Eq. (13) is a decreasing function with k for each k>0. For larger k this decline is
smaller than for smaller ks because, due to Eq. (14),

Xkl < xk (15)

k

must hold. Since the operators x* and 3K x© are weighted in the integrals of

Eq. (12) by the wavefunction R(r) independently of k, we safely conclude that the
FX parameters are decreasing with increasing k as the operator x does.
This result, valid for any (p,d,f,...) orbitals, supplies the sequence

FO>F?>F+>F°... (16)

which has been quoted by Jergensen [26], although without giving a proof.
Griffith argues barely on the basis of the function r % /r ,**! which decreases with
k, from which he concludes F<>F¥ for k<k’ [27].

Correspondingly for the reduced parameters F, of Eq. (8) the sequence

F° > 49F, > 441F, (17)

is established for d-orbitals which predicts an F, sequence decreasing more
strongly than the series of the F* parameters in Eq. (16).

2.2.1.2
Variation with Chemical Bonding

Since the strength of (covalent) bonding or antibonding cannot possibly be iden-
tified with a single parameter z which would be necessary for applying Eq. (12),
we must use an approximation. Covalent and possibly ionic bonding (e.g., screen-
ing effects) is usually reflected by the wave functions while the operators in gen-
eral remain unchanged. In LFT and AOM the radial parts of wavefunctions are
largely unknown; instead they are in general handled by introducing parameters
as substitutes for their integrals [1-5]. These are determined from the experi-
ment. For applying Eq. (12), we use a model in which chemical (anti-)bonding is
dealt with by introducing appropriate changes into the operator which is as well
common for semiempirical methods.

Since we can also interpret the integrals of Eq. (5) by an infinite summation of
radial function products weighted by the operator r */r.**! at each r_ and r., we
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3d

MO—-LCAO

| \f Ny

Fig. 1 Radial part of the central metal 3d-function and molecular orbital, MO-LCAO, result-
ing from linear combination with ligand functions, Eq. (2)

may simulate the expansion of the central metal atomic function due to covalent
bonding (central field and/or symmetry restricted covalency [13, 14]) by an in-
creased weighting of functionals at larger distances r—r+q (cf. Fig. 1). We there-
fore substitute the electron-electron (electrostatic) repulsion operator from
Eq.(5) by

1 [re+q\c .
V(gsk) = withq >0 (18)
r,+q \r,+q
and investigate its variation with q for each k, proceeding in a similar way as
carried out in the foregoing section where the variation of V(0;k) with k was con-
sidered.
Differentiation of V(q;k) obtains

oV (g:k 1 k
S| )= wh-1 -k+— (19)
aq (1‘> + q)z w
where
+
w=—<9 (20)
r,+q

which must be a function of q which is negative, because electron repulsion
(Slater-Condon-) parameters become smaller with covalent bonding (nephelaux-
etic effect [16]). This is introduced as a physical condition which is fulfilled when

k
(-1—k+—><0 (21)

w
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limiting w in the present case (d-orbitals) by

1>w>0 fork=0

2
1>w><§> fork=2 (22)

4
1>w><;> fork=4

This moves w closer to 1 favoring larger q values. Notice as well that main con-
tributions to the F* integrals are those with r_~r, (w=1) and weights near the
maximum of radial functions. This is particularly well fulfilled when the elec-
trons are located close to the metal nucleus. An addition, because the bracket
Eq. (21) is more negative for larger k within the limits given by Eq. (22), and
maintaining the mathematical condition w<1, Eq. (20), we can conclude that
V(gsk) is a stronger decreasing function with q for smaller values of k. Since this
holds for the operator Eq. (18), it must be valid for the integrals of Egs. (5) and
(12) as well. Because the wavefunctions are not assumed to depend on q in the
present model, the result will also hold for the F* parameters. Therefore chemical
bonding must affect the electron repulsion parameters differently; in detail F*
parameters are decreased by smaller amounts for higher values of k. If we define
these changes as a result of bonding by

AFk = Fkion - chompl (23)
for each k, the series of AFX is given by
AF® > AF? > AF* (24)

The AF* parameters increase with q with different slopes which is depicted in Fig. 2.
oV(g; k)

An investigation of PR Eq. (19), whether it is a generally decreasing
q
function with k from an inspection of the second derivative

3%V (q; k) 1 o w
3 = L (1—w)[1+<k——)lnw] (25)
qok (rs +q) 1-w

does not lead to a rigorous answer, since relative sizes of various terms which de-
termine the sign of this expression cannot be estimated using the limits w<1 and
k>0 as the only conditions.

2.2.2
Racah Parameters A, B, and C

In this section we shall discuss the Racah parameters correspondingly as in
Sect.2.2.1,1.e., their relative quantities and the different variations with covalent
bonding when we use the results as obtained above for the Slater-Condon para-
meters F¥. Since these parameters are linear combinations of the F* (or F,), they
depend on the action of operators wk=(r_/r.)* with different ks supplying posi-
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F4 AFZ

— g

Fig. 2 Variation of parameters AFX, Eq. (23), with the increment q of chemical bonding intro-
duced in Eq. (18) (schematic). For (unrealistically) high values of q the F* parameters of the
complex vanish, i.e., AFX approaches F* of the free ions. Similar dependences also hold for the
Racah parameter changes AB and AC

tive and negative contributions to the sums (cf. Egs. (8) and (9)). This complicates
the discussion somewhat restricting the results due to closer limits.

2.2.2.1
Relative Parameter Sizes

Relations of Racah parameters depending on the F¥s are calculated for d-elec-
trons from Egs. (8) and (9) giving

A 63 F° 7
- (26)
C 5 F* 5
B 9 F2 1
— == (27)
C 35 F* 7
For the extreme case F'=F?=F* we obtain
A 56 B 4 A 39
—=— and —=— yieldng —=— (28)
C 5 C 35 B 4
such that
A>>B<C (29)

However, since in fact the F*s differ according to Eq. (16) decreasing with larger
k, we must consider the relation B/C when F?/F* now exceeds one making B/C
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larger. In the same way A/C in fact is more increased due to F/F*>F?/F*, which
40
supports the relation Eq. (29) also for real F* parameters. Evidently, for F? = ry F!

we obtain B=C and the relation given by Eq. (29) is not valid any more. However,
since this F?/F* relation is extremely large - realistic values never exceed F*/F'=2
as supported by data adjusted from the experiment (see Sect. 3) —, we can safely
conclude that the relation B<C as given in Eq. (29) holds for all possible F* series
of Eq. (16). This is realized in all complex systems known for which their elec-
tronic spectra are fitted to LFT or AOM energy levels.

2.2.2.2
Variation with Chemical Bonding

For an investigation of Racah parameter changes from the free central metal ion
to the complex compound, also described by the nephelauxetic effect [16], we
define as in Eq. (23)

AA = Aion - Acompl (30)

and correspondingly for B and C.

For these changes AF* and AA etc., the expressions Egs. (26) and (27) hold as
well: since these conversion formulas from F* parameters to Racah parameters
are the same for the free central ion as they are for complex compounds, they
must also be valid for the respective parameter changes AF* (k=0,2,4) and AA,
AB,and AC. Therefore, following the same procedure as pointed out for the F*and
Racah parameters in Sect. 2.2.2.1, when assuming equal bonding effects on each
F¥ independent of k, i.e., AF’=AF?>=AF*, the same relations as those of Egs. (26)
and (27) must hold for AA, AB, and AC as well. Hence we obtain a correspond-
ing series applying for the parameter changes

AA >> AB < AC (31)

Now, as arguing above, if we take the true sequence, Eq. (24), as a basis with AFk
values decreasing with k, the relations of Eq. (31) will remain valid, unless F?

40
exceeds the unrealistically high value of AF? = ry AF%. A check on the data

obtained from the experiments show that this extreme is far from ever being
reached in reality. Therefore it is generally concluded that the parameter decrease
due to the nephelauxetic effect is larger for C than it is for B parameters, i.e.,
AC>AB. An inspection of dependencies of AB and AC on the bonding increment
q supplies similar curves as those depicted for AF* in Fig. 2 with corresponding
limits for large q approaching the B and C parameters for the free ions.

3
Comparison with the Experiment

In this section we will check the theoretical predictions outlined in Sect. 2 by
comparing these results with the pertaining parameters determined from the ex-
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periment. The latter parameters are obtained by fitting the d-electron absorption
or reflectance spectra with the electronic levels calculated by LFT or the AOM.
The first complete listing of LFT energy matrix elements for octahedral com-
plexes can be found in the work of Tanabe and Sugano [19]; for tetragonal fields
the corresponding tables have been provided by Otsuka [28]. A computer pro-
gram applicable for LFT or AOM calculations, valid for all possible molecular
symmetries and geometrical structures, has been established by Hoggard [29];
it is available by Adamsky from the present institute [30]. The parameters of the
semiempirical models are adapted to the maxima of the measured spectra using
an appropriate fitting program which includes optimization procedures for cal-
culated mean square errors.

The number of LFT and AOM parameters reported in the literature which are
calculated from adjusting both parameters B and C independently is, however,
rather limited. The bulk of the data includes the approximation where C/B is
assumed to be a constant which in general refers to the free ion and is not varied
during the fitting procedure [19,23]. These results cannot be used for the present
analysis. We shall see that this approximation turns out to be a short cut which
cannot be accepted for all compounds we are dealing with.

However, also the data which are reported from independent evaluation of B
and C (and of parameters F* as well) can only be compared with some reserva-
tions because they are obtained in general by using different approximations.
Some of these fittings use only parts of the level systems when comparing with
the experiment; others include spin-orbit coupling and/or Trees correction [31]
or use more sophisticated extensions of LFT or AOM. The data to be compared
with therefore do not strictly reflect the same physical meaning in full identity;
they are, however, up to some significant figures, good mean values for the model
parameters investigated in the present approximation. This assumption is in
general common for all compilations of data collected from different references
used for comparing parameters with theoretical results.

3.1
Check on Slater-Condon Parameters

In Table 1 the Slater-Condon parameters F* of some complexes of transition
metal ions are compiled for which the electron-electron repulsion parameters are
reported to be fitted independently. In the majority of cases it was the Racah
parameters B and C which had been adapted to the experiment. The F¥ values
listed in Table 1 therefore result from applying the conversion formulas Eqgs. (8)
and (9). Changes of these parameters due to the effect of chemical bond obtained
from the difference to the corresponding parameters of the free central metal
ion, Eq. (23), are listed in the AF* columns. The parameters of the free ions are
taken from [19], although occasionally other data for same of the ions can be
found in the literature as well. For V(III), Cr(III), Co(II), and Ni(II), e.g., the C
parameters, calculated from a model including spin-orbit coupling [20], are
somewhat smaller (5-15%) than those listed in [19]. On the other hand, the B
parameter values are remarkably similar independent on the model approxima-
tion used.
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Table 1 Slater-Condon parameters F* and their variations AF* due to chemical bonding as cal-
culated from a fit to the experiment (in 1000 cm™)

No. Compound F? F* AF? AF* Ref
1 K,NaScFgV3* 54.8 35.2 14.2 12.9 32
2 K,LiScClgV3 49.3 34.1 19.6 13.9 32
3 Cs,LiScBrgV?* 48.6 32.3 20.3 15.8 32
4 Cs,NaYClgCr** 51.5 39.7 22.5 12.4 33
5  K;[Cr(CN)] 44.5 33.4 29.4 18.7 34
6  [Cr(NH,);NCO](NO;), 55.6 43.2 18.3 8.85 35
7 tr-[Cr(NH;),(CN),](ClO,) 53.4 44.9 20.5 7.15 36
8  NaMnF, 62.7 38.3 6.39 10.2 23
9  (Me,N),MnCl, 52.8 37.7 16.3 10.8 23

10  (Me,N),MnBr, 52.0 38.1 17.1 10.4 23

11 NagMnS, 47.8 40.3 21.3 81.9 37

12 MnS? 49.3 39.4 19.8 9.07 23

13 (PPh,)FeCl, 40.9 34.4 42.5 26.1 38

14  (Me,N)FeBr,> 35.9 23.1 47.5 37.4 23

15  NasFeS, 35.1 22.7 48.2 37.8 38

16  Cs[Co(H,0)](S0,),6H,0  54.8 53.7 33.2 10.8 23

17 [Co(NH;)]Cl, 51.7 38.9 36.3 25.6 23

18  [Coen;]Cls 49.2 36.5 38.8 28.0 23

19  Codtp; 30.9 20.4 57.1 44.1 23

20 NasCoS, 46.5 33.4 32.6 23.3 39

21 (Et,N),NiCl, 60.5 38.3 23.9 22.8 40

22 Ni[R,P(NR),], 58.1 44.2 26.3 16.9 41

23 (BusPh)NiBr;(Bu,P) 44.0 30.7 40.4 30.4 40

24 Ni(N;)e*t 56.9 35.4 27.5 25.7 23

25 Ni(hist),(H,0), 64.0 46.1 20.5 15.0 23

2 (Tetraphenyldithioimidodiphosphinato), .
b With Me;NH, Me,NH,, MeNH, counter ions as well.

Table 1 refers only to complex compounds of ions of the first transition series.
Since “there is no essential difference between the energy levels of complexes in
the three transition groups” (quotation from Jergensen [22]), corresponding re-
sults should be obtained as well for higher transition group complexes. However,
since the F* parameter values for the free ions are not known as well as for the
first transition series, a discussion of parameter changes AF* due to chemical
bonding, which strongly depend through Eq. (23) on reliable data for these pa-
rameters, would be less conclusive. The difficulties for determining good elec-
tron-electron repulsion parameters arise from the intermediate coupling. The in-
clusion of spin-orbit coupling in the model competing with electron-electron
repulsion, which is of the same order for higher transition group elements, causes
serious band assignment problems which are difficult to solve. A consideration
of rare earth complexes along the lines of the present work would probably be
more promising.

An inspection of Table 1 shows that in all cases the predictions on relative sizes
of FX parameters proposed by Eq. (16), and on its variations AF* indicated by
Eq. (24), are fulfilled by the experiment, i.e., in more detail:
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The F? parameter values are always larger than the F* values and, more specifically,
the AF? are larger than the AF* parameter changes.

All parameter relations agree well with one exception: for the compound No. 8,
NaMnF; the relation for the parameter changes, when calculated from the para-
meters compiled in [23], is reversed compared to what is predicted. A check on
the original paper, [42], shows, however, that the LFT analysis carried out on the
optical spectrum of this compound cannot be correct. For high-spin d°> com-
plexes in octahedral environments, an evaluation of F? and F* (or B and C) pa-
rameters is straightforward. Since transitions into *E,(G), *E,(D), and *A,,(F) only
depend on the electron-electron repulsion parameters, because they result from
the same electron configuration as the ground state, a full adaptation including
ligand field parameters is not necessary, if spin-orbit coupling is neglected. For
the assignment of the spectra made in [42] using the 80 K data reported in that
work, we calculate (in 1000 cm™)

F?=60.0 and F*=455 (32)

This supplies an F?/F*=1.32 relation which is much closer to that given for other
Mn(II) complexes (cf. those in Table 1). With the corrected data the parameter
changes due to bonding, Eq. (23) are

AF?=9.0 and AF*=3.1 (33)

which agree well with the relative orders predicted in Eq. (24).

Since relative values of model parameters must follow simple orders, as given
in Egs. (16) and (24), these relations therefore can be used for testing the valid-
ity or correctness of an LFT or AOM analysis which is carried out on the elec-
tronic spectra of complex compounds.

3.2
Check on Racah Parameters

In Table 2 the Racah parameters B and C together with their changes AB and AC
due to chemical bonding are compiled correspondingly as in Table 1. The com-
pound numbers refer to those of Table 1.In addition the nephelauxetic quotients
(B and C parameters of the complexes relative to those for the free transition
metal ions) are listed. In all cases the theoretical predictions on relative orders
given by Egs. (29) and (31) are fulfilled, i.e.,

the Racah parameters B are smaller than C parameters and parameter changes AB
due to chemical bonding of central ions are smaller than the changes AC.

The different behavior of compound No. 8, which in the preceding section is at-
tributed to an incorrect fitting to experimental results in [42], is manifested by
an unusually low parameter B=15 cm™!. An adaptation carried out as in the pre-
ceding section using only intraconfigurational transitions leads to (all in cm™)

B=710 and C=3608 (34)
and for the parameter changes
AB=150 and AC=242 (35)
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Table 2 Racah parameters and their variations due to chemical bonding as calculated from a
fit to the experiment (in cm™)

Compound B C AB i AC i
No.? Bion Cion
1 719 2790 143 0.83 1025 0.73
2 620 2710 242 0.72 1105 0.71
3 626 2560 236 0.73 1255 0.67
4 600 3150 318 0.65 983 0.76
5 529 2650 389 0.58 1483 0.64
6 645 3430 273 0.70 703 0.83
7 580 3565 338 0.63 568 0.86
8 845 3040 15 0.98 810 0.79
9 650 2990 210 0.76 860 0.78
10 630 3025 230 0.73 825 0.79
11 519 3200 341 0.60 650 0.83
12 559 3130 301 0.65 720 0.81
13 444 2728 571 0.44 2072 0.43
14 470 1833 545 0.46 2967 0.38
15 460 1800 555 0.45 3000 0.38
16 510 4264 555 0.48 856 0.83
17 615 3087 450 0.58 2033 0.60
18 590 2897 475 0.55 2223 0.57
19 400 1620 665 0.38 3500 0.32
20 570 2651 401 0.59 1846 0.59
21 800 3040 230 0.78 1810 0.63
22 686 3505 344 0.67 1345 0.72
23 550 2435 480 0.53 2415 0.50
24 760 2812 270 0.74 2038 0.58
25 783 3657 247 0.76 1193 0.75

2 Numbers as indicated in Table 1.

matching the parameters of other Mn(II) complexes as No. 8 to 12 compounds
much better than before. It also takes into account that a small nephelauxetic
effect is expected for the fluoride complex [2, 16].

Furthermore, we may look at decreases of B and C parameters somewhat
closer by considering relative values with respect to their free ion parameters.
From the B/B,,, and C/C,,, columns listed in Table 2, we see that these values for
most of the compounds are relatively similar. There are, however, some com-
pounds, e.g., the Cr(III) complexes Nos. 6 and 7, Mn(II) complexes Nos. 11 and
12, the Co(III) complex No. 16 and the Ni(II) complex No. 24, for which these
quotients differ significantly. Obviously it cannot be predicted which of the two
quotients, B/B;y,0r C/Cy,,, is expected to be larger. In any case, for complexes,
where these quotients differ considerably, the approximation of setting C=4B, as
usually anticipated in the LFT and AOM analyses [14, 16,21,22], cannot be valid.
Since this assumption is common in much of the related work, these analyses
should be considered with care or eventually must be revised. A theoretical re-
evaluation by varying B and C independently in general should not cause any dif-
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ficulties, provided the experimental results allow this. This could further con-
tribute to gaining more physical insight into the bonding properties of complex
compounds.

4
Conclusions

The analyses of electronic spectra of transition metal complexes by fitting the
measured band maxima to the energy levels calculated from LFT or AOM have
proved to be strongly worthwhile. The parameters to be evaluated supply im-
portant information about the structure, chemical bonding, electron distribution,
and other properties of these compounds. Among the parameters of the semi-
empirical models obtained, more attention should be directed to the parameters
describing the d electron-electron interaction. Similar to LFT parameters as well
as to any other model parameters describing orbital energy differences due to
ligand field splitting, Slater-Condon or Racah parameters also have to obey
certain rules, e.g., their values either follow some sequences independent of the
central metal ion (nephelauxetic series) or they must fulfill some fundamental
conditions concerning relative sizes as it is dealt with in the present chapter.
If these principles are not complied with, the disagreement may be taken as an
indication of wrong band assignments or, alternatively, that the theoretical
analysis carried out proves to be incorrect. An example for the latter case is
demonstrated in the present work. Corresponding checks are recommended for
earlier and any forthcoming LFT or AOM analyses of optical spectra which will
be undertaken.
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Abstract Since the introduction of the Angular overlap model (AOM) in the mid-1960s, ex-
pressing d orbital energies in terms of the o- and m-antibonding parameters e, and e, the AOM
has failed to supplant crystal field theory as the standard model to explain structure and elec-
tronic spectra in transition metal complexes. This is so despite the much more obvious con-
nection in the AOM between structure and d orbital energies, the pictorial simplicity of the
AOM approach, and the more consistent transferability of AOM parameters from one complex
to another. The main reason is probably that AOM parameters cannot be determined uniquely
when all the ligands are on the Cartesian axes. The scales for e, and e, must then be fixed ar-
bitrarily, as is done automatically in the crystal field model. A number of experimental ap-
proaches have evolved to solve, or at least evade, the nonuniqueness problem, including: (a) the
assignment of e, for saturated amines to zero, reflecting their inability to m-bond; (b) the si-
multaneous use of magnetic and spectroscopic data; (c) the inclusion of data from sharp, spin-
forbidden lines in Cr(III) spectra, along with application of the exact geometry and full 4" con-
figuration interaction in computations, or any combination of these; (d) the use of charge
transfer bands involving d orbitals to determine e, values. As of yet, the level of consistency
among different techniques leaves something to be desired, and even with a common tech-
nique, reported AOM parameter values for particular metal-ligand combinations show a much
higher variability than one would like, given even minimum expectations for transferability.
Some of the variability can be ascribed to differences in the other ligands present. Even with
these variations, AOM parameter sets can be usefully correlated with kinetic and thermody-
namic data from both photochemical and thermal reactions.
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38 Patrick E. Hoggard

1
In the Beginning

One can scarcely imagine a more obscure venue than Det Kongelige Danske
Videnskabernes Selskab, Matematisk-fysiske Meddelelser for the landmark paper
on the angular overlap model (AOM). Appearing in 1965, “Energy Levels of
Orthoaxial Chromophores and the Interrelation Between Cubic Parent Config-
urations”, by Claus Erik Schiffer and Christian Klixbiill Jergensen, laid out the
now familiar one-electron ligand field matrix elements for orthoaxial (all ligands
on the Cartesian axes) complexes in terms of AOM parameters [1]:

o V|dey = e, + % (egr + 5) +3 (€50 + €5) (1)
oo V|dea 2y =3 (equ + €5)) + €5, + 5 (€5, + €5)) (2)
| Ve = eyt ey, +e5, (3)
(.| V| d).) = eny+ €n, + €5 (4)
()| V]di) = e+ €y + €5y (5)
da|VIda_ 2y =% (epr~ eox + €5c - €5,) (6)

These matrix elements follow directly from the central premise of the angular
overlap model, which is that each ligand exerts its effects separately on the metal
d orbitals, and the net result for the metal ion can be taken as a sum of the effects
of all ligands. Much of the molecular orbital (MO) basis for this approach was set
forth in 1963 in an article by Jorgensen et al. [2]. Just prior to the appearance of
the Mat Fys Medd paper, the d-electron matrix elements, {d;| V|dj>, for aligand at
an arbitrary angular position was published by Schiffer and Jergensen [3] using
polar coordinates for ligand angular positions. This was preceded by an often ne-
glected article by Schmidtke, who derived the same matrix elements using Euler-
ian angles to specify the ligand coordinates [4].

The e),, e)), and e), (A=0, T, 6) AOM parameters in Egs. (1)-(6) which, based
on a Wolfsberg-Helmholtz approximation, are intended to be proportional to the
square of the overlap between metal and ligand orbitals, each represent the sum
of the contributions from both ligands on the axis.

The Mat Fys Medd paper demonstrated the equivalence between AOM para-
meters [1] and the ligand field tetragonal parameters Ds and Dt [5], the equiva-
lence for Dq having already appeared [3]:

Dq = 2L0 (3eox - 4enx) (7)
Ds = ;_(eox + nx~ €0z~ enz) (8)
Dt= % (3egy — 4en, — 3e,, +4dey,) 9)

The doubtless more familiar relation, 10Dg=3e,-4e,, refers to values for indi-
vidual ligands rather than axis pairs. It should be noted that not all authors use
the same sign conventions for Ds and Dt [6-8]. It should also be noted that the
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delta-bonding e;s terms from Eqs. (1)-(6) are neglected, or, more precisely, in-
corporated as part of the e, parameters. The term “tetragonal complexes” actu-
ally refers to complexes with the “holohedrized symmetry” D,;,. That term was in-
troduced in the Mat Fys Medd paper to describe the concept that the effective
molecular symmetry with respect to the d orbitals can be much greater than
the actual molecular symmetry, because the d orbitals themselves have inver-
sion symmetry. Thus the effects of ligands on the +x and -x axes are separately
indistinguishable [1, 9]. The notion that ligand effects average across the axes
for d orbitals had circulated previously [6, 10], probably the earliest reference
being a paper by Ballhausen and Jergensen in 1955 in Matematisk-fysiske
Meddelelser [11].

It had already been recognized [6, 10] that cis-MA,B,, trans-MA,B,,and MA,B
complexes could all be classified as tetragonal complexes, and that their spectra
could be interpreted in terms of the ligand field parameters Dg, Ds, and Dt. The
idea of holohedral symmetry generalized this, showing, for example, that any six-
coordinate complex with 90° angles between ligands has at least an effective D,
symmetry. With this concept firmly in place, complexes with off-axis ligands
could later be naturally analyzed in terms of the holohedral, rather than the ac-
tual, symmetry.

Finally, the 1965 Mat Fys Medd paper presented all the matrix elements for the
t,y—e, spin-allowed transitions in d° and d° systems in all possible MA,Bg_,
geometries on an octahedral framework. This provided perhaps the most im-
portant connection to experiment, since experimental spectroscopic transition
energies could be matched with unambiguous expressions in terms of AOM pa-
rameters together with interelectron repulsion parameters. For Cr(III) the situ-
ation is particularly simple for the lowest energy spin-allowed transition, because
there is no interelectronic repulsion contribution at all [12].

The most important achievement of the Mat Fys Medd paper was the estab-
lishment of a simple conceptual relationship between structure and energy levels.
This is still lacking in conventional ligand field theory, despite valiant attempts
[13, 14]. The simplicity can be illustrated with the example of a trans-CrA,B,
complex. The energies of the five d orbitals, from Egs. (1)-(6), ignoring the delta
bonding terms, are

B E(d,:) = eg4 + 2605 (10)
A Clr A EW,) =3, an
A/ | \A E(d,,) = 4e,, (12)

B E(d,.) = E(d,,) = 2, + 2,5 (13)

The transition energies for the three components of the *A,,—*T,, transition
may be written as cyclic coordinate permutations of the f,,—e, transition
(xy)—(x2-y?), another contribution from Schiffer and Jgrgensen’s Mat Fys Medd
paper. The requisite energies are easily determined in a completely analogous
manner:

E(d},z_zz) =E(d,:_y2) = % (ega +€5p) (14)
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Thus the three component energies are

E(dy_)2) - E(dyy) = 3€,4 — 4€74) (15)

E(dy:_.) -~ E(d,,) = (Feos = 2624) + (5 €05 — 26,p) (16)

E(dp ) = E(d.) = Gega = 2es) + (5 €05~ 26n) (17)
and the splitting between the two observable components is

AE = (5 eqs - 26r4) = (5 €p = 2¢55) (18)

This corresponds, in ligand field terms, to 5Dg,-5Dqp.

The pictorial simplicity is enhanced further by expressing Egs. (1)-(5) in the
following terms, neglecting off-diagonal matrix elements when the holohedral
symmetry is less than tetragonal. A ligand in the xy plane alters the energy of
the x*>-y? orbital by 3e,/4, the energy of the z* orbital by e/4, the energy of the xy
orbital by e, and the energy of the other t,, orbital with which it overlaps by the
same amount. A ligand on the z axis alters the energy of the z? orbital by e, and
the energies of the two f,, orbitals with which it overlaps by e,. The same proce-
dure is followed for permuted axes.

Not only are the orbital energies easily derived from and associated with the
structure, the AOM formulation allows one to predict readily the energy order
of the components of excited states, given some idea of the parameter values.
Because the overlap of a given ligand with a given metal ion may be presumed
to be somewhat similar even when the remaining ligands are different, AOM pa-
rameters have a degree of transferability not possessed by ligand field parame-
ters, with the exception of Dq. Thus the acquisition of experimental AOM para-
meter values can be quickly rewarded with a predictive capability unachievable
in the point charge model.

Given these attributes, it might be regarded as something of an accident
of history that the crystal field model was developed earlier and has remained
the standard model in textbooks that discuss the bonding and electronic
spectra of coordination compounds. Two of the few to adopt the AOM approach
were Drago’s Physical Methods in Chemistry [15], though only after an exten-
sive development of crystal field theory, and Purcell and Kotz’s Inorganic
Chemistry, which did away with crystal field theory altogether [16]. Jorgensen
is quoted at great length in the latter text on the reasons why crystal field theory
has remained the model of choice [9]. Purcell and Kotz is especially note-
worthy in having used AOM parameters in the formulation of structure pre-
ference energies that successfully predict the coordination type for various d”
complexes.

Though Jergensen thought it mainly a matter of inertia, there are probably
sound reasons why AOM methods have not caught on as a basic explanation of
excited state behavior. Often there is little interest in lower symmetry complexes
at the textbook level, and crystal field theory suffices nicely to explain the spectra
and magnetic properties of octahedral and tetrahedral complexes. The octahe-
dral parameter Dq has a large degree of transferability and predictability, about
which Jergensen himself expounded at length [17]. In addition, Dq values are
useful in predicting a number of non-spectroscopic properties, such as the spin
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of the ground state and enthalpies of complexation [18]. Yet the angular overlap
model can do all that and more.

2
The Problem of Nonunique Parameter Values

There is one problem that presents itself from the outset. Especially when deal-
ing with orthoaxial complexes, there are more AOM parameters than there are
unique spectroscopic energy differences. This is rather obvious for octahedral
complexes, for which there is one unique energy difference, equal to 3e,-4e,.
Neither e, nor e, can be determined uniquely.

In traditional crystal field theory, the problem vanishes, because the center of
gravity of the d orbitals is set to zero. For octahedral complexes, the relevant di-
agram is

PO e (x2-y2,z2) +6Dgq

Sy ee—— (xy,xz’yz) _4Dq

In the angular overlap model, the (x>-y?) and (2?) orbitals increase in energy
because they have o-antibonding character in the molecular orbitals formed be-
tween the d orbitals and the ligand lone pairs. The (xy), (xz), and (yz) orbitals may
go up or down through m-interaction with ligand lone pairs, ligand n-bonding
orbitals, or ligand m-antibonding orbitals. The energy diagram above is replaced
by

e (x%y%,2%) +3c,

N o /——————— (Xy,Xz,yz) +4eg

In this diagram, the isotropic increase in the energy of all the d orbitals is not
pictured. The e, parameter may be negative through interaction with m-anti-
bonding orbitals. Spectroscopy measures only energy differences, and there is
only one energy difference.

Lowering the symmetry to tetragonal does not alter the outcome. There are
four AOM parameters for an MA,B, complex: e, €4, €5, and e, 5. However, there
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are just three unique energy differences, as can be seen from the (d,| V|d; ligand
field potential matrix for trans-MA,B,.

4e,, O 0 0 0
0 2e 0+ 2e,3 0 0 0
0 0 2e,4+2e,5 0 0
0 0 0 3ea 0
0 0 0 0 ey qt2e,p

The basis functions for this matrix are in the order (xy), (xz), (yz), (x*-y?), ().
The diagonal elements are arbitrary to within an additive constant and there are
four distinct diagonal elements; thus we can say there are three spectroscopically
independent parameters [19]. The three crystal field parameters Dq, Ds, and Dt
are therefore unambiguous (assuming a correct orbital assignment), while the
AOM parameters cannot be individually determined, clearly a major handicap in
the general case. It would be even worse if the actual symmetry were lower, but
the holohedral symmetry were the same. A trans(C)-MA,B,C, complex, with two
identical A-M-B axes, would have a potential matrix similar to that of MA,B,, but
there would be six AOM parameters.

The D,;, complex, all-trans-MA,B,C,, has more spectroscopically independent
parameters, but still not enough. The potential matrix, from Egs. (1)-(6), is

2e,5+2e,c 0 0 0 0
0 2e,4 + 2e,¢ 0 0 0

0 0 2e,,+2,5 O 0

0 0 0 %(eaB +e5c) @(903 - €50)

0 0 0 g(eoB - €,0) 2esa + l?(eoB + e5¢)

There are five spectroscopically independent parameters, four from the diagonal
plus the off-diagonal element. No crystal field approach has been proposed for
this system, and indeed it would be awkward, but five parameters could, in prin-
ciple, be defined. It is another question whether there would be sufficient, and
sufficiently good, experimental data to determine these five parameters, but the
AOM formulation is, from the very beginning, insoluble.

The lack of a uniquely determinable set of parameters for complexes with
simple (orthoaxial) geometry,but a general, unrestricted set of ligands, may pro-
vide the actual reason why the angular overlap model has not caught on as the
standard explanatory model for the spectra of transition metal complexes. AOM
parameters have a simple, comprehensible origin and are readily correlated with
structures and spectra, but the relationship tends to be one-way. Knowing the
AOM parameter values, one might predict the spectrum of a particular complex,
but it may well be impossible to determine the parameter values from the spec-
trum. With crystal field-based ligand field theory, on the other hand, the para-
meters, aside from Dg, may have little meaning and little transferability, but
for a particular complex they can be determined readily from a spectrum. With
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crystal field theory it would be quite difficult to estimate a set of parameters for
anew complex and predict the spectrum, something that is particularly easy with
the angular overlap model.

3
Experimental Approaches to AOM Parameter Values

Despite the grim outlook in the orthoaxial general case, there are several
approaches to the problem of nonunique AOM parameters for particular types
of complexes.

3.1
Anchor Parameters by Setting e, for Saturated Amines to Zero

The earliest approach was offered by Schiffer and Jergensen in the Mat Fys Medd
paper. They reasoned that a saturated amine like NH; has no ability to interact
with m-symmetry d orbitals, and therefore the e, value for NH; can be set equal
to zero in all ammine (and aliphatic amine) complexes. Even if the reasoning
were faulty (and potential problems have been noted [20, 21]), fixing one AOM
parameter by agreement could solve the nonuniqueness problem. Even though
a complex without an ammine ligand would still be, in principle, indeterminate,
ife,and e, for one of the ligands could be determined from an ammine complex,
and if the AOM parameter values are indeed transferable, then the remaining
AOM parameter values could also be determined. That might be stretching the
model, but it does mean that the situation is not hopeless.

Indeed, through the observation of splitting in at least one of the two t,,—e,
spin-allowed bands of [CrA;X]*' or cis- or trans-[CrA,X,]* complexes (A=NH,
or one arm of ethylenediamine), AOM parameters for a fair number of ligands
have been determined [22-25]. A similar effort has not been made for Co(III)
complexes, because two interelectronic repulsion parameters are required to fit
the two spin-allowed bands, rather than the one required for Cr(III) complexes.
Thus even if each of the four tetragonal components of the two spin-allowed
bands, 'A;,—'T,, and 'A;;—'T,,, are observed experimentally (generally by go-
ing to low temperature) and correctly assigned, there are still not enough data to
determine three AOM and two interelectronic repulsion parameters. For this rea-
son, a great deal of effort has been expended on Cr(III) complexes, with the hope
that these will serve, with a suitable scale factor, for complexes of other metal
ions.

A comparison of AOM parameter values from several sources determined as
above reveals some degree of consistency. The value of ey for NH;, for example,
varied only from 6950 to 7220 cm™ among several different compounds, differ-
ent investigators, and different techniques [23-25]. On the other hand, ey for
ethylenediamine was assigned values between 6640 and 7830 cm™, varying sub-
stantially with the other ligand present [23, 24]. Within a series of trans-[CrA,F,]*
complexes with different amines, e,z was assigned values between 7450 and
8480 cm™!, and e, values between 1620 and 2050 cm™! [24]. The precision with
which the component peaks within a broad band can be located is not high even
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Table 1 Average AOM parameter values for Cr(III), deter-
mined from the splitting of spin-allowedbands in amine com-
plexes [22-27]

Ligand e, cm™ e, cm™
NH, 7010 (0)
F- 7870 1880
Cl- 5610 910
Br- 5050 690
I 4140 670
OH~ 7510 1400
H,0 7490 1390
en 7290 (0)
dmso 6770 1650
NCS- 6240 380
CN- 8310 -290
py 5800 -580

at low temperature and even for single crystals. Despite this variability, the ranges
are restricted enough to make comparisons between ligands possible. Average
values for some AOM parameters are shown in Table 1.

3.2
Use Both Magnetic and Spectroscopic Data

Ni(II) and Co(II) share with Co(III) the problem that there is an insufficient
amount of spectroscopic data to determine two interelectronic repulsion para-
meters and all AOM parameters. An ingenious methodology has been brought to
bear by Gerloch and coworkers on d’, d?, and high spin d® complexes, supple-
menting spectral data with magnetic susceptibility data [20, 28-33]. By deter-
mining the orientation of the principal axes of the magnetic susceptibility on
single crystals, and repeating this over a wide temperature range, the AOM
parameters are no longer underdetermined. The susceptibility tensor, X4, is a
complicated, temperature-dependent function of the magnetic moment matrix
elements between energy eigenstates, (i|kL+2S|j) [28], where L and S are the
orbital and spin angular momentum, and k is the Stevens orbital reduction
factor [34]. Given the assumption that the magnetism arises within the metal
d orbitals, these reduce to functions of the matrix elements over the d orbitals,
(di|kL+2S|dj> ,which are readily derived [20, 35]. The AOM parameters enter into
the energy terms in the temperature factors, exp(-E/kT), for the different states
i,as well as influencing the eigenvectors for these states. A related technique uses
the g values and hyperfine splittings from EPR spectra to overcome the insuffi-
ciency of spectroscopic data [36, 37].

The method has proved to be as successful as the solely spectroscopic analy-
sis of Cr(III) orthoaxial complexes - more so, in fact, because a number of more
sophisticated factors, such as the orientation of ligand m orbitals, can be deter-
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Table 2 Average AOM parameters for ligands intetrahedral
nickel(II) complexes derived from electronic spectra and mag-
netic susceptibility measurements [21, 38, 39]

Ligand e, cm! ep,cm!
Cl- 4000 2000
Br- 3400 700

I 2000 600
PPh; 5500 -1500

mined from the combined spectroscopic and magnetic data available. Gerloch’s
AOM computations frequently are based on the actual molecular geometry
rather than an idealized structure [33]. A further advantage is that this overcomes
the limitations of Cr(III) as a hard metal ion that will not bind to many soft lig-
ands. Table 2 presents a sampling of AOM parameters derived from nickel(II)
complexes by these techniques.

33
Include Sharp-line Spin-forbidden Bands, Exact Geometry, and Cl

A third technique to get around the insufficiency of data from spin-allowed elec-
tronic bands is to use data from sharp-line spin-forbidden bands. These arise
from electronic transitions within the same configuration, so that the excited
state and the ground state have very similar geometries. Chromium(III) spectra
have eight such transitions, all (t2g)3%(t2 )3, and under favorable conditions all
eight may be found (in Oy: *A,;—E,, °Ty,, °T,,). Sharp electronic lines have an ad-
ditional advantage that they correspond one-to-one with particular excited
states. The broad spin-allowed bands, on the other hand, consist of several com-
ponents, especially when spin-orbit coupling is considered, and are never fully re-
solved. Thus there are always severe approximations to the assignment of a par-
ticular band maximum to an electronic transition.

Even with numerous sharp lines supplementing the broad spin-allowed bands,
electronic spectra can yield up no more than the spectroscopically independent
terms in the {d,|V|d;) potential matrix [19]. So, in principle, the sharp lines add
only redundancy to the data set for orthoaxial complexes. If, however, the com-
plex is not orthoaxial, and the geometry is known, a number of off-diagonal
terms arise [19,40]. The number of spectroscopically independent terms can then
equal or exceed the number of parameters in the model. If those terms can be
determined experimentally, they can suffice to calculate the AOM parameters of
which the potential matrix is composed [41]. They may even suffice to determine
in addition one or two bond angles, if the entire geometry can be expressed in
terms of those angles [41-43].

A number of chromium(III) complexes have been analyzed in this fashion, in-
cluding configuration interaction (CI) by use of the full 120x120 d° ligand field
matrix [41, 43, 44]. It is even possible to determine angular overlap parameters
for octahedral complexes by this technique, provided that the complex does not
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sit at a site of Oy, symmetry. To do this, the influence of the environment, at least
the nearest counterions, must be accounted for in the analysis [45].

Table 3 surveys some of the AOM parameter values determined by sharp-line
techniques, using either the exact geometry from the crystal structure or the ap-
proximate geometry from molecular modeling, or representing the geometry in
terms of one or more angles varied as part of the analysis. The first question to
be asked has to do with consistency. How close are parameter values reported for
the same ligating group in similar complexes, in dissimilar complexes, in the
same complexes studied in different laboratories? Given differences such as those
in Table 3, how much can be ascribed to experimental variability and how much
is actually chemically significant? It would be convenient if a particular ligand al-
ways had the same parameter values with a given metal ion, but Bridgeman and
Gerloch have argued convincingly in a recent review article [40] not only that
AOM parameter values must vary with the other ligands present, but that they are
altered in a somewhat predictable way.

All the parameters in Table 3 were determined through a fitting process. Best-
fit algorithms will happily yield answers with a precision of 1 cm™'. The real un-
certainties in the AOM parameter values can be estimated from the propagation
of error from the uncertainties in the spectroscopic data [62], assuming of course
that bands are correctly assigned. From reported values of propagated uncer-
tainties it appears that 30 cm™ is typical. Considering the different theoretical and
computational techniques brought to bear in different laboratories, we may infer
a still higher degree of uncertainty, perhaps 50 to 100 cm™ or more. However, the
values in Table 3 have been rounded to the nearest 10 cm™! to reflect the most
optimistic of reported error limits. A comparison of a significant number of
similar complexes is necessary to be able to distinguish variations in parameter

Table 3 AOM parameter values for Cr(III) complexes from an analysis based in large part on
the sharp line spin-forbidden transitions in the electronic spectrum

Parameter Value (cm™) Complex Ref

e,y (Amine) 7590 [Cr(en);]Cl; 35
7610 [Cr(tacn),]Cl; 46
7510 [Cr(chxn);]Cl, 47
7050 [Cr(tcta)] 46
7370(dpt) [Cr(dpt)(glygly)]ClO, 48
7290 [Cr(cyclam)(N3),]N; 49
7520 [Cr(cyclam)(ONO),]NO; 50
7510 [Cr(cyclam)(ONO,),]NO; 51
7350 (cyclam) [Cr(cyclam)(pn)](ClO,); 52
7540 [Cr(diammac)](ClO,); 53
7230 [Cr(his),]NO, 54
7240 [Cr(gly)s] 55
6620 [Cr(ser)s] 55
6750 [Cr(leu);] 55

e,y (Imine) 6820 Na|cis-Cr(ida),] 56

6850 Na[trans-Cr(mida),] 57
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Table 3 (continued)

Parameter Value (cm™) Complex Ref
4o (Carboxylate) 7110 K;[Cr(ox)s] 58
6750 K[Cr(ox),(py).] 59
7150 K;[Cr(mal);] 58
7910 [Cr(tcta)] 46
7770 [Cr(his),]NO; 54
7730 Na[cis-Cr(ida),] 56
7960 Na[trans-Cr(mida),] 57
7280 [Cr(gly)s] 55
7400 [Cr(ser)s] 55
7120 [Cr(leu);] 55
e.o (Carboxylate) 1440 K;[Cr(ox)s] 58
700 K[Cr(ox),(py).] 59
1880 K;[Cr(mal);] 58
2040 [Cr(tcta)] 46
1910 [Cr(his),]NO; 54
1910 Na|cis-Cr(ida),] 56
1110 Na[trans-Cr(mida),] 57
1510 [Cr(gly)s] 55
640 [Cr(ser)s] 55
1240 [Cr(leu);] 55
eqc (CNY) 9990 K,[Cr(CN),] 45
7480 [Cr(NH,)sCN]CICIO, 60
e.c (CN") 600 K;[Cr(CN)] 45
-890 [Cr(NH,)sCN]CICIO, 60
e, (Peptide) 7430 [Cr(dpt)(glygly)]ClO, 45
7350 [Cr(dpt)(progly)]ClO, 61
e,y (Peptide) 500 [Cr(dpt)(glygly)]ClO, 48
580 [Cr(dpt)(progly)]ClO, 61
Ligandabbreviations:

en=ethylenediamine
H,ox=oxalic acid
H,mal=malonicacid
tacn=1,4,7-triazacyclononane

Hjtcta=1,4,7,-triazacyclononane-N’",N”,N"”-triaceticacid

py=pyridine
dpt=di(3-aminopropyl)amine
H,glygly=glycylglycine
Hhis=L-histidine
chxn=trans-1,2-cyclohexanediamine
Hgly=glycine

Hser=L-serine

Hleu=L-leucine
H,ida=iminodiaceticacid
H,mida=N-methyliminodiaceticacid
H,glygly=glycylglycine
H,progly=L-prolylglycine
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values due to different environments from variations ascribable to expected ex-
perimental uncertainties.

When very similar complexes are compared, the variability seems to fall
within experimental (i.e., propagated) error. The three complexes [Cr(en);]*",
[Cr(chxn);]**,and [Cr(tacn),]** have rather similar environments, except for the
actual geometry of the six saturated nitrogens around the chromium. The geom-
etry is, however, factored into the analysis. The three values for e, are between
7510 and 7610 cm™ [35, 46, 47]. This is a considerably narrower range of values
than is typical of either of the two experimental methods discussed above. This
is not apparent from Tables 1 and 2, because they show only average values. Values
of e, for saturated amines do not provide the best test, however, because e, was
set to zero in all cases. When both e, and e, are allowed to vary, while the differ-
ence, 3e,~4e_, is fairly well known from the spin-allowed bands and also likely to
be fairly consistent from complex to complex, a more severe test is created.

Indeed, the reported e, and e, values for carboxylate ligands show a much
greater variability. The variability in e, is roughly comparable to that seen in the
data behind Tables 1 and 2. The variability in e, is so great as to leave some doubt
that the spectra of all the carboxylate complexes in Table 3 were correctly as-
signed. It should be noted that the values of 10Dq are no more consistent, rang-
ing from 13,900 to 19,600 cm™ among the carboxylates in Table 3. Some consis-
tencies emerge. Values of e, are quite similar for oxalate and malonate, although
malonate exhibits a higher value of e, [58]. This might be interpreted to mean
that malonate is a better m-donor because the carboxylates are not conjugated as
they are in oxalate.

The cyanide ligand offers an interesting discrepancy, though as yet based on
limited data. The e, value was found to be 9990 cm™! in [Cr(CN),]*>~ but 7480 cm™!
in [Cr(NH;)sCN]?** [45,60]. That is a very considerable difference, matched by the
reported differences in e, +600 cm™! in the former, and -890 cm™! in the latter.
The difference in 10Dq is slighter: 27,570 cm™! for [Cr(CN)4]*~ and 26,000 cm™ for
[Cr(NH;);CN]?*. Differences in parameter values might be due to incorrect spec-
tral assignments, or to differences in the computational techniques used by dif-
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ferent laboratories. They may, however, be due to the different environments. The
value of e, derives from the sum of the interactions of the Cr3" ion with the
cyanide m-bonding orbitals, raising e, (since the metal t,, orbitals are higher in
energy), and with the cyanide m-antibonding orbitals, lowering e,.

One argument for the variation in e,, values goes like this: the higher in energy
the metal tre orbitals are, the greater the interaction with the m" orbitals, and the
more negative, or less positive, the value of e,, will be. When the other five ligands
are ammines, assumed not to affect the f,, orbital energies, cyanide shows itself
to be a net Tt acceptor, and the e, value of -890 cm™! is reasonable. When the other
tive ligands are m-withdrawing, their net effect is to depress the energies of the
t,g orbitals, allowing the interaction with the cyanide bonding orbitals to increase
in importance, leading to a positive value of e,,.

This simple argument may seem self-contradictory, because the aggregate
effect of the m-withdrawing cyanides is a positive value of e, which would make
CN- a net m-donor. Whether e,=0 does indeed represent the demarcation
between net -donors and acceptors is questionable, and related to this is the dif-
ference in the application of AOM methods to the two complexes being com-
pared, [Cr(NH;)sCN]?* and [Cr(CN)]*~. The analysis of the latter complex in-
cluded effects from the 14 nearest K* ions [45], which (in that treatment) lower
the energies of the dm orbitals, mimicking a negative value of e, at (empty) po-
sitions on the Cartesian axes. Had the cations not been included, a correspond-
ingly more negative value of e, for cyanide would presumably have resulted,
though it is hard to carry this argument to completion, because the spectrum
could not have been fitted at all well.

It is considerations such as these that make an evaluation of the proposition
of transferability of AOM parameters tricky. Nevertheless, Bridgeman and Gerloch
[40] make a very good case, both theoretically and empirically, that e, for a given
ligand will increase the more m-electron withdrawing the other ligands are, and
much of the experimental data behind this derives from neutral complexes, so
that counterion effects can be neglected.

An additional perspective on cyanide coordinated to Cr(III) can be gleaned
from the original spectral data from which the values in Table 1 were derived
[25,26]. They were determined specifically from the spectra of cyanoaqua com-
plexes, especially [Cr(H,0)sCN]?* and [Cr(H,0)(CN)s]? [63]. If the value of e,
for cyanide becomes more negative when m-donor ligands coordinate to the
metal, then, all else being equal, this should be reflected in a larger value for
10Dg=3e,-4e,. Comparing the spectra of [Cr(CN)]*-, [Cr(H,0)(CN);]*-, and
[Cr(H,0)sCN]**, we find 10Dq equal to 26,500, 26,500, and 27,900 cm™! [63].If e,
(CN-) remained constant, that would amount to an e, value 350 cm™! more neg-
ative in the pentaaqua complex than in the other two, consistent with expecta-
tions.

For purposes of comparison with the ligands shown in Table 3, Table 4 pre-
sents data for some additional ligands, each derived from a single Cr(III) com-
plex by a spectroscopic analysis including sharp lines, and using full d” config-
uration interaction.

AOM parameters have been compiled for a number of other metal ions from
detailed electronic spectra, calculations in the full d" basis set, and often the exact
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Table 4 AOM parameter values from an analysis involving Cr(III) sharp line spectra for some
additional ligands

Ligand Complex ey, cm™! e,cm™! Ref
NCO~ [Cr(NH,)NCO](NO;), 6060 420 64
HBpz,(N) [Cr(HBpz,),(ClO,), 8350 1300 42
N5~ [Cr(cyclam)(N;),]N; 5080 290 49
ONO- [Cr(cyclam)(ONO),]NO; 6160 670 50
ONO,~ [Cr(cyclam)(ONO,),]NO; 5850 790 51
Urea (0O) [Cr(urea)q|Br; 6200 1400 65
Ligandabbreviations:

cyclam=1,4,8,11-tetraayaczclotetradecane,
HBpz;=hydrotris(1-pyrazolyl)borate.

ligand geometry. As discussed above, calculations are still limited by the form of
the ligand field potential matrix. No matter how many bands are identified, they
can be used to determine no more than the number of spectroscopically inde-
pendent terms in the matrix. In some systems, especially orthoaxial complexes,
this may mean that one or more AOM parameters must be fixed arbitrarily.

Perhaps the most systematic study on systems other than chromium(III) was
carried out by Zink and coworkers on square planar Pt(II) complexes of the type
PtX;L, investigated by single crystal polarized spectroscopy [66-70]. AOM pa-
rameter values are shown in Table 5.

In these computations, e, values for amines were not set to zero. It is rather
striking, therefore, to see that trimethylamine, with no available t-symmetry lone
pairs, has an e, value of 5100 cm™ in this series, larger even than Cl~ and Br-,
which are m-donors in Cr(III) systems. Of course, both can also act as m-accep-
tors, a function liable to be much more pronounced in Pt(II) complexes. The large
e, value for NMe; supports the contention that both ¢ and T orbitals are raised
in energy by electrostatic interactions with the ligand. This can be further seen
in the value for e, of ethylene near zero, although it clearly qualifies as a strongly
m-withdrawing ligand.

Table 5 AOM parameters for ligands (L) in [PtX;L]~ com-
plexes, X=halide, from single crystal polarized spectra [66-70]

Ligand e, cm™! ep,cm?
Cl- 11,800 2900

Br~ 10800 2600
NMe;, 21700 5100
PPh, 20000 1500
AsPh, 18000 1100

CO 14500 -1750
PEt, 23500 2750
C,H, 15000 0

2 As an average of perpendicular and parallel components.
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3.4
Use Charge Transfer Bands to Find e,

Yet another approach is to examine metal-to-ligand charge transfer (MLCT)
bands in a series of similar complexes. This was tried for complexes of the type
cis-[Ru(bpy),X,], bpy=2,2’-bipyridine [71]. All of these are strong field d°® com-
plexes, and the lowest energy charge transfer band can be represented as
t,,— 1 (bpy). The basic assumption is that the bipyridine n" orbitals remain at a
constant energy throughout the series, while the #,, orbitals are raised or lowered
in energy through interaction with the ligand X. A reference is still necessary (e,
for ethylenediamine was set to zero in this study), but no resolution of broad
bands must be undertaken in order to derive parameters. Values for e, can then
be estimated by finding 10Dgq for a particular ligand [71],a generally much easier
task than the spectral resolution required when d-d bands are analyzed. Repre-
sentative values of e, are shown in Table 6.

One use one might want to make of these parameters is to transfer them to
another metal. Jorgensen is particularly well known for compiling evidence
that the ligand field parameter 10Dq transfers rather well from one metal ion to
another, given only a single scaling factor [17]. A comparison of Table 6 with
Table 1, both of which set e,, for ammines to zero, shows that this would not work
very well for AOM parameters if the two metal ions are Ru** and Cr**. Note first
that the scaling factor for 10Dg has been given by Jergensen as 0.87 upon going

Table 6 Values of e, derived from MLCT bands in
[Ru(bpy),X,] [71]

Xa e, cm™
F- 570
HCO, 490
acac” 490
Cl- 470
CH,CO, 410
C,0.> 370
BrO," 370
Br- 340

I- 320
CO> 160
en [0]
N, -20
SO,> -110
10, -110
HCO, -200
NCS- -330
NCSe~ -490
CN- -620
NO, -1160
bpy -1600

* Ligandabbreviations:
Hacac=24-pentanedioneen=12-diaminoethane.
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from Ru?* to Cr** [72]. However, ligands that are mi-donors tend to have much
larger values of e, with Cr** than with Ru?*, a factor of three in the case of fluo-
ride ion. On the other hand, ligands that have m-antibonding orbitals tend to have
considerably more negative values of e, with Ru?".

A perhaps too simple explanation of this phenomenon is that it is not just
empty ligand and metal orbitals that interact with each other. The occupation of
the d orbitals is also important. To some extent, e, and e,, though derived strictly
as energy parameters, represent electron donation or withdrawal to or from the
metal d orbitals. Ru**, with a (tzg)6 configuration, is resistant to donation, but
more receptive to withdrawal than Cr3*.

4
Applications of AOM Parameters

If the AOM parameters actually function as electron donation/withdrawal para-
meters, there should be several areas of application of a predictive nature in
kinetics and thermodynamics, similar to the use of Hammett o and p functions
[73]. Perhaps the best known at this time is the theoretical treatment of the
photochemical reactions of transition metal complexes by Vanquickenborne and
Ceulemans [26, 74, 75]. This has proved singularly successful in predicting the
selection rules and stereochemical outcome of photochemical reactions, includ-
ing cases that did not fit the older empirical rules of Adamson [76] and the some-
what more refined rules of Zink [77, 78].

In the treatment of Vanquickenborne and Ceulemans, AOM parameters
are used to estimate the energy of each of the d orbitals, as in Egs. (1)-(6),
before and after promotion of an electron during excitation. By rearrangement
(ligand stabilization energies can be assumed to be the negative of metal desta-
bilization energies), the net change in the bond energy of each ligand upon
excitation can be determined, and the leaving group predicted. The five-coordi-
nate intermediate may then rearrange, and again the AOM parameters can
be used to identify the most stable arrangement. From the geometry of the
intermediate one can then straightforwardly predict where the entering group
will attack [74, 75].

A particular triumph of this model was that it provided a logical explanation
for the remarkable empirical observation that trans Cr(III) complexes almost
invariably rearranged to cis upon the photochemical loss of one of the trans
ligands [79]. This had been a considerable puzzle, but the proposition by
Vanquickenborne and Ceulemans that the intermediate will rearrange to its most
stable geometry, that is, the geometry with the greatest net bond energy, provided
the missing link.

Given the success of AOM parameters with photochemical reactions, it seems
somewhat odd that they have not been used as much for thermal reactions. Yet
their function as electron donor/acceptor parameters would appear to make
them ideally suitable for this task. Consider the famous graph of hydrolysis rates
of [Co(en),LCl]* complexes as a function of the electron-donating or -accepting
power of the ligand L from Basolo and Pearson’s monograph [80], reproduced
in Fig. 1.
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Fig. 1 Rates of hydrolysis of [Co(en),LCl]*as a function of the ligand L [80]

The ligands L are arranged on the x-axis in what was perceived to be the or-
der of increasing electron-withdrawing character. In AOM terms, it appears
that what Basolo and Pearson were attempting to represent was specifically the
ni-withdrawing or m-donor character. With reference to Table 6, NO,™ is clearly
the best m acceptor and CN~ the second best among this group. On the left side,
NH,™ and OH" are similar to F-, that is, strong @ donors. The ordering in the
center appears from our vantage point to be uncertain, if not arbitrary. For
example, it is unclear why H,O was ranked as a weaker donor, or stronger
acceptor, than NH;. At any rate, the point was that both strong donors and strong
acceptors seemed to react quickly. Therefore, they deduced that there were two
mechanisms involved. The strong acceptors promoted association of a seventh
ligand, thus an Sy2 reaction. The strong donors promoted dissociation of the
chloride, thus an Sy1 reaction [80].

At the very least, AOM parameters would allow the ligands on the x-axis to be
placed in order of e, which may represent rather well what was intended. On the
other hand, when one notices that the ordering, which was largely intuitive,
wound up primarily a measure of m-donation and m-withdrawal, the natural
question is to ask about the neglected effects of o-bonding. In fact, o-donation
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should be more important than m-donation in labilizing another ligand in the
coordination sphere, because o effects are so much larger. Looking at all the
tables above, one might note that the ligands on both the right and the left side
of the diagram are reasonably strong o donors (NO,™ is not shown in the tables,
but e, is very high [71]). This suggests that perhaps we are dealing with just a
single mechanism, Sy1,and the appropriate gauge of electron donor ability ought
to be some combination of e, and e,. Both cis and trans complexes are repre-
sented in the diagram above. Looking at the d orbitals that overlap with both
L and CI, one would surmise that e +2e,, might be appropriate for trans com-
plexes, and e +4e, appropriate for cis complexes, if the T interaction is symmetric
about the M-L axis. Ligands that m-bond anisotropically would require individ-
ual analysis that must take into account the orientation of the 1 orbitals on the
ligand. Unfortunately, there is not yet a set of AOM parameters for Co(III) suffi-
ciently precise or extensive to allow a quantitative approach to this question.

The reader might note that AOM parameters were discussed in the previous
two paragraphs as if they were essentially fixed attributes of the ligand when
bound to a particular metal ion. As mentioned earlier, however, we can expect
some, perhaps considerable, variation due to the other ligands in the coordination
sphere [40]. This accentuates the problem of carrying out a quantitative correla-
tion of kinetic or other data with AOM parameter values. The [Co(en),LCl]*data
described above ought to have the fewest problems in this regard, because AOM
parameters could, in principle, be determined spectroscopically for just this series
of complexes.

Another straightforward application of AOM parameters is to the trans effect
in square planar complexes. Lee has outlined some AOM formulations applica-
ble both to the relative weakening of bonds trans to particular ligands and to the
stabilization of the 5-coordinate intermediate from an associative substitution
process (the kinetic trans effect) [81]. He concluded that when the trans ligand
is not a Ti-acceptor, the trans effect has a negative correlation with e, at least qual-
itatively. The higher the value of e, the smaller the trans labilization. This may
seem counterintuitive, since o-donation will raise the energy of the (x?-)?) orbital
and destabilize the other three ligands in the xy plane, although not specifically
the trans ligand.

X////h. ‘\\\\\\L

.l M\T vy

L
T |\|/|““\\\X
L

Lee’s argument is more sophisticated. Consider the complex above, in which
ligand T is varied and its influence on the labilization of X investigated. When a
ligand Y associates with this complex, it then rearranges to a trigonal bipyramid
transition state. The energy difference for the ligands, equal to the negative of the
energy difference for the metal d electrons [81] is

1
Etbp - Esp =eort eox— €L~ EeoY (19)
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If everything but T remains the same, the greater the value of e, the higher in
energy the ligands are in the transition state, and the slower the reaction will go [81].

5
Concluding Remarks

There are now hundreds of AOM parameter values to be found in the literature,
only a small fraction of which are included in the tables above. They cover a wide
variety of ligands and metal ions. They have been determined using some quite
different experimental techniques and theoretical frameworks. Because of this,
and because of the general problem of where and how (and whether) to anchor
the AOM parameter scales, they lack the kind of universal comparability about
which Jergensen has written profusely [17, 72].

To this author, perhaps the biggest problem is the common assumption that e,
for NH; or saturated amines is zero, upon which the values in Tables 1, 3, 4,
and 6 depend, as well as many other literature values. There are both experimen-
tal and conceptual reasons to be skeptical of this assumption beyond
any consideration of electrostatic effects in the first coordination sphere. In
an early paper, Vanquickenborne and Ceulemans allowed e, for NH; in some
Pt(II) complexes to vary, ending with a positive value [21]. Later Zink’s group
assigned positive values of e, (Table 5) to several m-acids, PEt; and AsPh;, for
example, in other Pt(II) complexes, and a correspondingly larger positive value to
NMe; [66-70]. Conceptually, there are perturbations on the energies of the
dm orbitals from beyond the first coordination sphere, which may come from
counterions [45], nonbound atoms in a coordinating molecule [35], or electron
density from neighboring complexes in the crystal. The “amine assumption”, if it
were valid at all, should apply only when all these effects are accounted for. Their
neglect, though quite practical, would properly cause e, for amines to be nonzero.

To permit comparison between different metal ions, different experimental
techniques, and different computational assumptions, e,y for amines ought not
to be fixed, but should be determined by experiment. Several of the procedures
discussed are capable of doing this, although how well they are capable of pro-
ducing reliable parameter values is a separate question. At the very least, much
of the experimental data on which Tables 3 and 4 are based could be reexamined,
and the “amine assumption” discarded. For the Table 1 data this is impossible,
because the parameters are otherwise underdetermined. The parameters in
Tables 2 and 5 were determined without the “amine assumption”, though some-
times with other assumptions involving the transferability of parameters be-
tween complexes.

In order to correlate AOM parameter values with other types of experimental
data, it is not necessarily required that all parameters everywhere be derived in
a like manner. The most important difference between different approaches is in
the location of the zero values for the parameter scales. A series of similar ex-
periments with different ligands but the same metal ion, if done properly, ought
to place the ligands in the correct sequence, and e, and e, values might be cor-
rected primarily by common additive terms. Thus correlations of other proper-
ties with e, or e, should still be feasible. However, another common assumption
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that positive values of e, imply net m-electron donation from ligand to metal,and
negative values imply the reverse should probably be abandoned.

With this in mind, the question discussed earlier about the value of e, for CN~
in different complexes may be easier to resolve. If a negative value of e,, does not
imply opposite behavior from a positive value of e, it is not inconsistent for
cyanide to have a small negative value in [Cr(NH;)sCN]?*, but a small positive
value in [Cr(CN)¢]*".

Difficulties in achieving reliable sets of AOM parameter values have doubtless
hindered the application of AOM parameters to the understanding of other types
of experiments. The few examples presented above, however, serve as evidence
that this could be a fertile field in the future.

Based on the insights in Bridgeman and Gerloch’s paper [40], as well as much
of Gerloch’s body of work on the transferability of AOM parameters, or lack
thereof, and reinforced directly or indirectly by the observations of others, there
is one direction in which the opportunities appear to be great for AOM parame-
ters to gain in significance. If the influence of each of the ligands in the coordi-
nation sphere on the effective AOM parameter values of the others could be in-
corporated into the analytical treatment, the AOM parameters might regain a
great deal of the transferability that was hoped for when Jorgensen and others
first conceived of the angular overlap model.
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1
Introduction

Light emission is always in competition with nonradiative relaxation processes.
In transition metal complexes such as for example Ru(bpy);?* (bpy=2,2"-bipyri-
dine) or Pt(CN),*" efficient luminescence is observed at room temperature [1,2].
Other complexes, e.g. V(urea),>* exhibit luminescence only at cryogenic tem-
peratures [3], because the transformation of electronic energy into vibrational
energy and eventually heat is dominant at room temperature. High energy
vibrations such as O-H, N-H and C-H stretches as well as other common vibra-
tions in organic groups are extremely efficient luminescence killers. A commonly
followed strategy for improving the efficiency of light emitting materials there-
fore involves the use of so-called low-phonon hosts for transition metal or rare
earth dopant ions [4]. Typical low-phonon hosts are fluorides, chlorides, bro-
mides or even iodides. The term low-phonon host derives from the fact that in
these systems the highest energy vibrations are typically around 400, 300,200 and
160 cm™!, respectively, i.e. substantially lower than the vibrations encountered in
organic materials. In contrast to V(urea)s**, VClg* (the active luminophore in V3*
doped Cs,NaYCly) is an efficient room temperature emitter [5], and this nicely
illustrates the power of this approach in terms of optimising luminescence effi-
ciencies. Further illustrative examples are found among trivalent lanthanide
doped systems [6, 7], and among a large number of transition metal doped sys-
tems which have become important solid state laser materials [8]. For a relatively
small number of transition metal ions the use of low-phonon host lattices results
in particularly interesting and unusual luminescence properties. In octahedral
fluoro-, chloro- and bromo-coordination Ni?*, Mo®*, Re** and Os** emit light
from multiple excited states when cooled below 50-150 K [9-12]. The same is
true for Ti?* in hexachloro-coordination [13]. Thus these systems are exceptions
to Kasha’s rule, which states that luminescence is to be expected, if at all, only
from the lowest energetic excited state in condensed systems [14]. All of the above
systems have higher excited states which are separated from their next lower ly-
ing excited state by several thousand wavenumbers. These large energy gaps, in
combination with low vibrational energies, are of key importance for their un-
usual photophysical properties.

With their multiple metastable excited states, Ti**, Ni*, Mo**, Re** and Os**
doped halide lattices have recently come into the focus of several upconversion
studies [15]. Photon upconversion is a nonlinear optical process used to convert
low energy input light into higher energy output radiation [16]. In contrast to
the better known second harmonic generation, the existence of at least two
metastable excited states is a fundamental prerequisite for upconversion
processes. The lower energy metastable state, typically located in the near-in-
frared spectral region, is used as an energy storage reservoir from which upcon-
version to an energetically higher lying emitting excited state occurs. In 1960
Auzel first reported on such upconversion processes in rare earth doped mate-
rials [17]. Since then a large number of upconversion studies involving rare
earths, in particular trivalent lanthanides, has appeared. This is because the ex-
istence of multiple metastable f-f excited states is a very common phenomenon
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among rare earth systems [18]. Upconversion processes have been exploited to
build several near-infrared solid-state lasers, which emit in the visible spectral
range [18-20]. Further applications involve infrared quantum counters, display
phosphors and a 3D imaging display [21, 22]. Upconversion in transition metal
based systems is a young research area, which is very actively explored in our
group.

In this contribution we report on the low temperature upconversion proper-
ties of the 3d? and 3d® ions Ti** and Ni** in chloride and bromide host lattices.
They illustrate the main difference between transition metal and rare earth up-
conversion systems. In the latter the spectroscopically active 4f and 5f electrons
are shielded by the outer 5s, 5p and 6s, 6p electrons, respectively [23]. Chemical
and structural changes in their crystal field environments therefore have rela-
tively little impact on the energy level structure of the rare earth ions. In transi-
tion metal ions, by contrast, the spectroscopically active d-electrons play a deci-
sive role in chemical bonding. Environmental changes may therefore
dramatically alter the energy level structure of these systems, and in the case of
Ti** and Ni?* doped halide lattices this allows a chemical tuning of their upcon-
version properties.

2
Upconversion in Ti2* Doped Chlorides: Crystal Field Strength Dependence
of Upconversion Efficiencies

Figure 1a shows an energy level diagram for octahedrally coordinated d? ions [24].
The ground state is °T14(t,,*) and two spin-allowed one-electron absorption
transitions to 3ng(tzgeg) and 3T1g(t2geg) (thick lines in Fig. 1a) are expected.

(a) (b)
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Fig. 1 a Energy level diagram for octahedrally coordinated d* ions [24]. The left and right
dashed vertical lines indicate the positions of Ti** doped into NaCl and MgCl,, respectively [30].
b Schematic representations of the upconversion processes in the two Ti** doped systems. Solid
upward arrows represent ground- and excited-state absorption transitions, wavy arrows stand
for nonradiative relaxation, and the solid downward arrows indicate luminescence
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Fig. 2a,b The 15 K survey d-d absorption spectra of: a 0.8% Ti**:NaCl; b 0.1% Ti?*:MgCl, (axial)
[26,28]

Figure 2 shows the 15 K absorption spectra of (a) 0.8% Ti?*:NaCl and (b) 0.1%
Ti**:MgCl, (axial) [25,26]. Both spectra are comprised of two broad absorption
bands with oscillator strengths of the order of 10-. They are assigned to the
above two spin-allowed transitions, respectively. Due to their weakness, no spin-
forbidden triplet-singlet absorptions are observed in either crystal. In Ti**:MgCl,
both absorption bands are blue-shifted by roughly 1000 cm™" with respect to
Ti?*:NaCl. This is a manifestation of the stronger crystal field acting on the Ti**
ion in MgCl, relative to NaCL

This is rationalized by a simple comparison of ionic radii [27]: Ti** (r=1.00 A)
is smaller than Na* (r=1.16 A), but larger than Mg?* (r=0.86 A). Neglecting the
trigonal distortion of the TiCls* units caused by the crystal structure of MgCl,,
a simple Oy, crystal field calculation yields 10Dq=10,180 cm™!, B=527 cm™ and
C/B=3.76 for Ti**:MgCl, [26]. As shown in Table 1, an analogous calculation for
Ti**:NaCl yields very similar B and C values, but 10Dq=9064 cm~! [27]. Thus one
calculates a 10Dq/B ratio of 17.1 for Ti**:NaCl and 19.3 for Ti**:MgCl,. This places
the former a little to the left of the *T,(t),e,)/ Ty,(t,,?) crossing point in the d*

Table 1 Approximate octahedral crystal field parameters (in
cm™) for Ti** in NaCl and MgCl,, respectively, extracted from
fits to the experimental 15 K absorption energies (Fig. 2). A de-
tailed description of the fit procedures is given in [26] and [28]

Ti?*:NaCl Ti**:MgCl,
10Dq 9,064 10,180
B 530 527

C/B 3.9 3.76
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Fig. 3a,b The 15 K near-infrared luminescence spectra of: a 0.2% Ti**:NaCl; b 0.1% Ti**:MgCl,
(axial) obtained after continuous-wave laser excitation at 15,454 cm™' and 19,436 cm™}, re-
spectively [28,29]

energy level diagram of Fig. 1a, whereas Ti**:MgCl, is located to the right of this
crossing point, see the dashed vertical lines in Fig. 1a. This fact can account for
the vastly different 15 K near-infrared luminescence spectra observed from 0.2%
Ti**:NaCl on the one hand and 0.1% Ti**:MgCl, on the other hand; compare
Fig. 3a and Fig. 3b. Excitation of 0.2% Ti**:NaCl around 15,454 cm™" induces
broad-band near-infrared *T,,(t,,e,)—’T14(t,,*) luminescence extending from
6750 to almost 4000 cm™! [28]. This is the reverse of the near-infrared absorption
transition in Fig. 2a, and therefore it has a very similar band shape. In contrast,
the 15 K near-infrared luminescence spectrum of 0.1% Ti**:MgCl, (Fig. 3b) is
comprised of a series of sharp lines distributed over an energy range of about
1500 cm™ and assigned to the t,,” intra-configurational 'T,,—"T,, luminescence
transition [26]. The complicated line structure is due to the trigonal crystal field
and spin-orbit splitting of the °T\,(t,,?) ground state [29]. Thus 15 K near-infrared
luminescence is spin-allowed in Ti**:NaCl and spin-forbidden in Ti**:MgCl,,and
this is also reflected in their 15 K lifetimes of 1.4 ms and 109 ms, respectively.
Since these two states serve as energy storage reservoirs for near-infrared to vis-
ible upconversion in Ti**:NaCl and Ti**:MgCl,, respectively, this has direct con-
sequences on the relative upconversion efficiencies of these two materials (see
below).

The 15 K upconversion luminescence spectra of the two Ti** doped systems
are presented in Fig. 4. They were obtained after pulsed Nd**:YAG laser excita-
tion into 3ng(tzgeg) at 9399 cm™! [30]. Broad luminescence bands centred at
12,800 cm™! for Ti**:NaCl (Fig. 4a) and at 13,300 cm™ for Ti**:MgCl, (Fig. 4b) are
observed, and they are assigned to the *T ,(ty,e,)— T ,(ty,’) transition in both
cases. These luminescences, which are also observed after direct °Ty,(t,,e,) (HeNe
laser) excitation at 15,803 cm™!, only occur because there are large energy gaps
of approximately 5000 cm™" between °T ,(t,,e,) and the next lower lying excited
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T=15ps

(a) Ti%*:NaCl

0 20 40 60 80 100
time [ps]

(b) Ti**:MgCl, s

0 20 40 60 80 100
time [ps]

13000 14000 15000

wavenumbers [cm™!]

12000

Fig. 4a,b 15K T ,(tyee,)—Ty,(t,,") upconversion luminescence spectra of: a 0.2% Ti**:NaCl;
b 0.1% Ti**:MgCl, (axial) obtained after 10 ns pulsed excitation at 9,399 cm™' [30]. The insets
show the respective 15 K upconversion luminescence decays in semilogarithmic representation

states; see Fig. 2. Thus luminescence becomes competitive with nonradiative
relaxation. Nevertheless, a substantial amount of *T,(t,.e,) depopulation occurs
via multiphonon relaxation processes, leading to a shortening of the *Ty,(t,,e,)
lifetimes [13, 28]. The 15 K *Ty,(tye,) lifetimes in 0.2% Ti**:NaCl and 0.1%
Ti?*:MgCl, are 15 and 19 ps, respectively; see the insets in Fig. 4. These transients
were obtained after 10 ns pulsed excitation at 9399 cm™' [30], and they exhibit an
instantaneous decay of the °T ,(t,.,e,) population after the near-infrared excita-
tion pulse. This shows that the whole upconversion process takes place within the
10 ns duration of the laser pulse, i.e. in these systems upconversion occurs via a
sequence of radiative ground- and excited state absorption (GSA/ESA) steps. The
upconversion relevant ESA transition for 9399 cm™' excitation is a triplet-triplet
transition in Ti**:NaCl and a singlet-singlet transition in Ti**:MgCl,; see Fig. 1b
[30]. This difference is due to the different spin multiplicities of the first
metastable excited states and the relative strictness of the spin-selection rule in
3d systems.

Recent continuous-wave excitation experiments have shown that the 15 K up-
conversion efficiency of 0.1% Ti**:MgCl, exceeds that of 0.2% Ti*":NaCl by at
least an order of magnitude [30],and this is because at 15 K energy storage in the
first metastable excited state is roughly a factor of 80 more efficient in 0.1%
Ti**:MgCl, than in 0.2% Ti**:NaCl. Thus the chemically induced crossover from
weak-field Ti** with a *T,,(t,.e,) to strong-field with a 'T,,(t,,”) first excited state,
and the associated large increase in the first excited state lifetime has a huge effect
on the Ti** upconversion efficiency.
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3
Comparison of the Ni2* Upconversion Luminescence Properties
in Chloride and Bromide Host Lattices: Covalency and Crystal Field Effects

Figure 5 shows 15 K axial survey absorption spectra of (a) 5% Ni?**:CsCdCl; and
(b) 5% Ni**:MgBr, [31,32].In both systems the Ni** dopant ions are in trigonally
distorted octahedral halide coordination [33, 34]. Figure 6a shows an energy
level scheme for d® ions in octahedral coordination [24], and it can be used to
assign the absorption bands in Fig. 5. In MgBr, all Ni** d-d absorption oscillator
strengths are higher than in CsCdCl; by about a factor of 3. This is attributed to
the closer energetic proximity of ungerade charge transfer states in the bromide
from which the d-d intensity is stolen. The onset of LMCT absorptions is around
25,000 cm™! in Ni?* doped bromides and around 33,000 cm™! in Ni?* doped chlo-
rides [35].

Apart from the different absorption intensities there are two other striking dif-
ferences between the two absorption spectra in Fig. 5. Whereas in Ni**:CsCdCl,
the °T ,(°F) and 'E, absorptions are energetically well separated from each other
(Fig. 5a), this is not the case in Ni**:MgBr, (Fig. 5b). Instead, one single broad
band with vibrational fine structure on its high energy side is observed. This
phenomenon is well documented in the literature and occurs in Ni** systems
whenever there is a strong interaction between spinors of *T;,(°F) and 'E, [36].
More important for our upconversion-oriented study is the following. In
Ni**:CsCdCl; at 15 K the *A,,—'A,, absorption peak occurs at 19,029 cm™" and is
thus roughly 800 cm™ above the *A,,—'T,, absorption band maximum; see
Fig. 5a. In Ni**:MgBr, at 15 K, on the other hand, the 1Alg peak is at 17,355 cm™!
and thus about 900 cm™! below the 1T2g maximum,; see Fig. 5b. As illustrated in
Fig. 6a, the 'T,, energy primarily depends on the crystal field strength 10Dg,
whereas the 'A;, energy is essentially determined by the magnitude of the Racah

3 3
(a) Ni2*:CsCdCl, T T1gCP)
g=3Mlem!
1
3Ty 3T,,CF) 'Ey Ty Ay,

(b) Ni2*:MgBr, T *T1’P)
e=10M1lem!
3Ty 3T14CP) 'E, 1 A1g 1Ty
~|/-‘T\| T |/-Jrk\- T T T T T ™ T T T
5000 10000 15000 20000

wavenumbers [cm ™ ]

Fig. 5a,b 15 K axial survey d-d absorption spectra of: a 5% Ni?*:CsCdCl;; b 5% Ni**:MgBr,
[31,32]
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Fig. 6 a Energy level diagram for octahedrally coordinated d® ions [24]. b Schematic illustra-
tion of the upconversion mechanisms in Ni**:CsCdCl; and Ni**:MgBr,. Solid upward arrows
represent ground- and excited-state absorption transitions, the wavy arrow stands for non-
radiative relaxation, and the solid downward arrows indicate luminescence transitions [31]

parameters. Crystal field parameters obtained from simple Oy, crystal field cal-
culations for Ni**:CsCdCl; and Ni**:MgBr, are given in Table 2. In going from
Ni?*:CsCdCl, to Ni**:MgBr, there is an 11% increase in 10Dq and a 10% decrease
in the magnitude of B. The former is a manifestation of the smaller dopant site
for Ni** in MgBr, compared to CsCdCl;. The smaller B-value in the bromide
reflects the more covalent nature of the Ni?*-X" interaction than in the chloride
[37], i.e. it is a manifestation of the so-called nephelauxetic effect as first intro-
duced by Jargensen [38,39]. The net result of these two effects is a reversed order
of the 'T,, and 'A;, higher excited states.

Figure 7 shows 15 K upconversion luminescence spectra of (a) 0.1%
Ni?*:CsCdCl; and (b) 0.1% Ni**:MgBr,. These spectra were obtained after con-
tinuous-wave laser excitation around 12,000 cm™! [31, 32]. A broad and struc-
tureless luminescence band centred at about 16,300 cm™! with a full width at half
maximum of roughly 800 cm™ is observed for the chloride, whereas the bromide
spectrum is comprised of a series of sharp lines, the most prominent one being

Table 2 Approximate octahedral crystal field parameters (in
cm™) for Ni**:CsCdCl; and Ni**:MgBr,, respectively. These
parameters were extracted from fits to experimental 15 K ab-
sorption energies (Fig. 5)

Ni**:CsCdCl; ~ Ni**MgBr,

10Dq 6340 7060
B 800 720
C/B 3.93 4.04




Influence of Crystal Field Parameters on Near-Infrared to Visible Photon Upconversion 67
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Fig. 7a,b The 15 K unpolarized upconversion luminescence spectra of: a 0.1% Ni**:CsCdCls;
b 0.1% Ni**:MgBr,. Excitation occurred at 12,344 and 11,940 cm™, respectively

located at 17,014 cm™'. From the foregoing discussion, this vast difference in
upconversion luminescence spectra is easily understood. In Ni?*:CsCdCl; visible
upconversion luminescence is due to 'T,,—A, , [31], and this is an electronic
transition involving an electron promotion from a strongly antibonding e, to a
weakly antibonding t,, orbital. Thus the NiCls*" unit undergoes a compression
upon de-excitation from 'T,, to °A,,, and this is the reason for the broadness of
the chloride emission. In Ni**:MgBr,, by contrast, 'A,, lies energetically lower
than 'T,, and upconversion luminescence is due to 'A;,—A,,, a so-called spin-
flip transition within the t,,°e,” orbital configuration. As such it yields a lumi-
nescence spectrum consisting of sharp lines. The multitude of lines in Fig. 7b
is due to the occurrence of several vibronic origins which enable the parity-for-
bidden 'A;,—A,, transition [32]. Note that luminescence from the 'T,, and 'A;,
excited states is only observed because these states are energetically separated
from their next lower lying excited states by more than 4,000 cm™, see Fig. 5. This
makes radiative emission competitive with nonradiative relaxation processes.
Nonetheless, the latter account for at least 50% of the total depopulation of these
emissive states even at 15 K [32, 40], leading to excited state lifetimes of only
around 50-85 ps.

Figure 8d shows a near-infrared excitation spectrum of 15 K visible 'A;,—°A,,
upconversion luminescence in 0.1% Ni?*:MgBr,. Its rather unusual band shape is
explained as follows. Excitation around 11,500-13,000 cm™! occurs into the high-
energy side of the Ni***A,,—’T ,(*F)/'E, ground-state absorption band; see
Fig. 5b. Figure 8a shows this spectral region in more detail. The physical origin
of the sharp vibrational fine structure features has been mentioned above.
Figure 8b shows a 15 K *T,,—'A,/'T,, excited state excitation (ESE) spectrum of
0.1% Ni**:MgBr,. This spectrum was obtained as follows. Intense laser excitation
(200 mW) at 11,000 cm™! was used to produce a high steady state population in
the Ni***T,, first metastable excited state, but without inducing any upconversion
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Fig. 8 aHigh-energy side of the 15K 3A2g—>3T1 (3F)/1Eg (axial) ground state absorption (GSA)
spectrum of 5% Ni**:MgBr,. b 15 K *T,,—'A,/'T,, (axial) excited state excitation (ESE) spec-
trum of 0.1% Ni**:MgBr,. In this experiment one (intense) Ti**:sapphire laser was used to pro-
vide a high °T,, population by pumping into the *T,(*F) absorption at 11,000 cm™.'A;,—>A,,
luminescence at 17,014 cm™! was monitored as second (weak) probe laser was scanned from
11,500 to 13,500 cm™. ¢ Calculated product of a and b. d Experimental 15 K (axial) excitation
spectrum of Ni**'A;,—’A,, upconversion luminescence, monitored at 17,014 cm™, in 0.1%
Ni?*:MgBr, [32]

for energetic reasons. At 15 K, energy storage in °T,, is possible due to its lifetime
of around 4 ms. A weak probe laser (1 mW) was scanned from 11,450 to
13,550 cm™!, while the intensity of 15 K Ni2+1A1g—>3A2g upconversion lumines-
cence at 17,014 cm™! was monitored. This second laser promotes 3ng—excited Ni**
ions to 'A;, and 'T,,, and by monitoring the 'A;,—’A,, luminescence intensity
one essentially obtains the *T,,—'A,,/'T,, excited state absorption spectrum. It
is similar to previously reported Ni?* ESE spectra [41]. Figure 8c is the calculated
product of the GSA and ESE spectra from Fig. 8a,b. Its agreement with the ex-
perimental 15 K upconversion excitation spectrum in Fig. 8d is very good, and
we conclude that upconversion in Ni**:MgBr, occurs as schematically illustrated
in Fig. 6b. *A,,—T ,(°F)/'E, GSA (solid upward arrow) is followed by fast non-
radiative relaxation to °T, , (wavy downward arrow). From there, *T,,—'A /' T,,
excited state absorption occurs (second solid upward arrow), and this is followed
by emission from A, to all energetically lower lying states (solid downward ar-
rows) [32]. Analogous experiments have been performed with 0.1% Ni?*:CsCdCls,
and they reveal an identical upconversion mechanism for this system [41]. Thus
the main difference between the two upconversion systems considered here lies
in the identity of the emitting state.
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4
Summary and Conclusions

At cryogenic temperatures Ti** doped chloride hosts as well as Ni** doped chlo-
rides and bromides are capable of exhibiting near-infrared to visible upconver-
sion phenomena. The change from NaCl to MgCl, as a host lattice for Ti** leads
to a crossover in the first metastable excited state from *T,,(te,) to "Ty(ty,?). This
is due to a 12% increase in 10Dq in Ti**:MgCl,. The 15 K 'T,,(t,,’) lifetime in 0.1%
Ti**:MgCl, is a factor of 80 longer than the 15 K *Ty(ty.e,) lifetime in 0.2%
Ti**:NaCl, i.e. energy storage is 80 times more efficient in the former. As a con-
sequence, upconversion at 15 K is more than an order of magnitude more effi-
cient in 0.1% Ti**:MgCl, than in 0.2% Ti**:NaCl.

The change from CsCdCl; to MgBr, as a host for Ni** leads to a crossover in a
higher excited emitting state of Ni**. In Ni?*:CsCdCl; the upconverted energy is
emitted from 'T,,, whereas in Ni**:MgBr, upconversion luminescence is emitted
from 'A,,. This crossover is due to an 11% increase in 10Dq and a simultaneous
10% decrease in Racah B when going from CsCdCl; to MgBr,. It manifests itself
in a change from broad-band visible upconversion luminescence in the chloride
to sharp-line luminescence in the bromide.

These two Ti** and Ni** case studies demonstrate the broader principle of
environmental control of transition metal upconversion properties using chem-
ical means to take advantage of the accessibility of their spectroscopically active
d-orbitals [42, 43].
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Abstract Copper(II) complexes of N,N’-alkyl-bis(ethyl-2-amino-1-cyclopentenecarbod-
ithioate) [alkyl=ethyl (L2), propyl (L3),and butyl(L4)] ligands have been synthesized and char-
acterized. Analytical data for all three complexes show 1:1 copper-ligand stoichiometry. Well-
resolved EPR spectra were recorded in toluene, benzene, and methylene chloride solutions at
room temperature and in glassy toluene or toluene-methylene chloride mixtures in the range
20-150 K. The superhyperfine pattern unambiguously demonstrates coordination of two
nitrogen atoms to copper; and the spin-Hamiltonian parameters [Cul2, g=2.115,
A=187x10"* cm™'; CuL3, g=2.128, A|=165x10~* cm™'; CuL4, gj=2.138, A|=147x10"* cm™'] are
as expected for a CuN,S, coordination core. Quasi-reversible electrochemical behavior was
observed in methylene chloride: the Cu(II)/Cu(I) reduction potentials increase from -1.17 V
(E° vs Ag/AgNO;) for CuL2 to -0.74 V for Cul4, indicating greater stabilization of Cu(I) in
CulL4. Taken together, these data demonstrate that lengthening the N,N"alkyl chain distorts the
planar CuN,S, core (CuL2) toward a flattened tetrahedral geometry (CuL4).
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1
Introduction

In a seminal paper published in 1961, James and Williams reported the depen-
dence of Cu(II)/Cu(I) reduction potentials on ligand type and coordination
geometry [1]. These authors showed that nitrogen m-acceptors and sulfur donors
generally raise the potential, thereby stabilizing Cu(I), whereas anionic ligands
act in the opposite direction. Importantly, bulky ligands that lead to a distortion
of the coordination sphere often increase the potential, especially in cases where
the geometry is forced toward tetrahedral. Indeed, several workers have shown
that there is a correlation between the positions of the lowest d-d states and the
reduction potentials of Cu(II) complexes [2].

The connection of such correlations with C. K. Jergensen’s many interests in
coordination chemistry is that he was among the first to discuss the d-d band
positions in the electronic spectra of Cu(II) complexes in terms of their solu-
tion structures [3]. In this tribute to him, we report an extension of research
on certain Cu(II)N,S, complexes [4-7] to include those with N,N~-alkyl-bis(ethyl-
2-amino-1-cyclopentenecarbodithioate) [alkyl=ethyl (L2), propyl (L3), and
butyl (L4)] ligands. We believe that Cu(II) complexes in the series L2-L4 would
have been of interest to Jorgensen, as their d-d spectra and reduction poten-
tials can be interpreted readily in terms of systematic variations in coordination
geometry.

2
Experimental

Reagents and solvents (Aldrich, Merck, Baker and Eastman) were used directly.
Carbon disulfide was purified as described previously [8]. Ligands ethyl-N,N~-
alkyl-bis(2aminolcyclopentencarbodithioate [alkyl=ethyl (L2); propyl (L3);
butyl (L4)] and their copper(II) complexes were prepared by literature proce-
dures [9, 10].

Precaution: all synthetic procedures should be carried out in a fume hood.

2.1
Physical Measurements

UV-visible absorption spectra were obtained with a LAMBDA 3 Perkin-Elmer
spectrophotometer. Vibrational spectra (5000-400 cm!, KBr pellets) were
recorded with a Fourier Transform Perkin-Elmer 1725X spectrophotometer.
Room temperature 'H NMR spectra (DMSO, TMS internal standard) were ob-
tained with a Bruker Avance DRX 400-MHz spectrometer. Electron spin reso-
nance spectra were measured with a Bruker EMX EPR spectrometer equipped
with an Oxford (ESR 900) helium cryostat. Mass spectra were obtained with a
Hewlett-Packard gas chromatograph-mass spectrometer, GC-MS Model 5988A,
using chemical ionization. Electrochemical experiments were carried out
with a BAS100B/W system. Measurements were conducted employing an H cell,
a vitreous carbon working electrode, and an Ag/AgNO; reference electrode;
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methylene chloride was used as solvent and tetrabutylammonium tetrafluoro-
borate (TBAFB) as supporting electrolyte. Conductivity measurements were
made with a Schott Gerate C6857 conductance bridge.

2.2
Synthesis of Carboxydithioic Acid from Cyclopentanone

To 25 ml (0.3 mol) of cyclopentanone dissolved in 100 ml of ammonium hy-
droxide (29%) were added 28 ml (0.5 mol) of carbon disulfide and the mixture
stirred for 6 h at 0 °C. The orange ammonium salt of the carboxydithioic acid
was filtered and redissolved in water. Yellow carboxydithioic acid precipitates
on acidification to pH 4 with 2 mol/l HCI. Yield: 30.8 g (65%); m.p.: 97-98 °C. IR
(KBr pellet, cm™): v,(S-H), 2487w; v,(C=0), 1614s; v,(C=S), 1354m; v,(CSSH),
917s. MS (EI): M* m/z (%), C;HoNS, 160.2(7).

2.3
Synthesis of the Ethyl Ester

To 6.8 g (0.04 mol) of the carboxydithioic acid dissolved in 50 ml of 1 mol/l
sodium hydroxide were added 2.6 ml (0.02 mol) of dimethylsulfate with stirring
for 20 min at 5 °C. A golden yellow solid ester was filtered and recrystallized from
dioxane. Yield: 6.6 g (96%), m.p.: 35-36 °C. IR (KBr pellet,cm): v,(C=0), 1660s;
v,(C=8), 1343m; v,(S-CH,-), 1292m; v,(CSS-), 921w; 8(S-CH,-), 481w. MS (EI):
M*m/z (%), CgH{,NS, 174.02(11).

2.4
Synthesis of the Ligands (L2, L3, L4)

Condensation of the methyl ester (0.02 mol) dissolved in 15 ml of methanol was
carried out with the appropriate diamine (0.01 mol; 1,2 diaminoethane for L2;1,3
diaminopropane for L3and 1,4 diaminobutane for L4) with stirring for 72 h at
room temperature. The compounds (yellow solids) were dried under vacuum and
re-crystallized from methanol. L2, yield: 1.44 g (36%); m.p.: 152-153 °C; L3, yield:
0.75 g (18%); m.p.: 96-99 °C; L4, yield: 2.06 g (48%); m.p.: 128-130 °C. 'H NMR,
400 MHz, DMSO-d; (s=singlet, d=doublet, t=triplet, c=quartet, q=quintet,
m=multiplet,br=broad): L2: §8.20 (brs,2H), 3.59 (m, 4H), 3.07(c, 4H, J=7.54 Hz),
2.72 (t, 4H, J=7.50 Hz), 2.60 (t, 4H, J=7.1), 1.71 (q, 4H, J=7.46 Hz), 1.17 (t, 6 H,
J=7.16).L3: 6 12.40 (br s,2H,), 3.50 (c,4H, J=6.38 Hz), 3.20 (¢, 4H, J=7.41 Hz),2.77
(t,4H, J=7.31 Hz), 2.69 (t, 4H, J=7.65 Hz), 2.00 (q, 2H, J=6,49 Hz), 1.84 (q, 4H,
J=7.46 Hz), 1.30 (t, 6H, J=7.39 Hz). L4: 6 8.30 (br s, 2H), 3.80 (¢, 4H, J=7.09 Hz),
3.06 (¢, 4H, J=7.65 Hz),2.74 (t,4H, J=7.5 Hz), 2.62 (t,4H, J=7.07 Hz), 1.75 (q, 4H,
J=7.56 Hz), 1.16 (t, 4H, J=7.1 Hz), 1.09 (t, 6H, J]=7.06 Hz). MS (EI): M* m/z (%),
L2, C,sH,sN,S, 400(6.0); L3, C,oH,eN,S, 414(17.0); L4, C,0H,oN,S, 428(8.0).
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2.5
Synthesis of Copper(ll) Complexes

A suspension of 0.22 g (0.001 mol) of copper acetate in 15 ml of methanol was
added dropwise with stirring to a solution of the appropriate ligand (0.001 mol)
in 20 ml of methanol. Colored solids formed after 1 h reflux were dissolved in
dichloromethane, filtered in a glass fiber filter and vacuum dried. The complexes
were precipitated from solution with a minimum amount of methanol and suc-
tion collected using a millipore (0.8 UM) filter, vacuum dried and recrystallized
from methanol. The complexes are not thermally stable above 150 °C. Cul2,
green, yield 0.37 g (79%); CuL3, brown, yield 0.31 g (65%); CuL4, dark brown,
yield 0.44 g (89%). MS (CI): M* m/z (%), CuL2: CuC,gH,xN,S, 461.2(3); CuL3:
CuC,yHx,N,S, 475.2(4) and CuL4: CuC,,H;,N,S, 489.3(3).

3
Results and Discussion

3.1
Mass Spectra

The Cu(II) complexes are neutral, as evidenced by their low Ay (Q! cm? mol™!)
[CuL2, 1.2; CuL3, 0.8; CulL4, 1.3] values in nitrobenzene solution. Chemical ion-
ization mass spectra show typical fragmentation patterns, indicating neutral
losses of [C5H;S] and 2[C;H;S] from the molecular species [11]. Mass scans up
to 2000 m/z were carried out to check for cluster impurities. The masses of the
copper complexes and their respective prominent fragment ions are set out in
Table 1.

Table 1 Mass spectral data

Complexes M* (m/z) M*-[C,H;S] (m/z) M*-2[C,H,S] (m/z)
CulL2 461.2 400.5 339.4

Cul3 475.2 414.2 353.7

Cul4 489.3 428.5 367.3

3.2

Infrared Spectra

The bands in the IR spectra of the ligands and metal complexes are listed in
Table 2. Compounds L2 and L3show a strong broad band around 1588 cm™ that
is assigned to v,(C=C)+v,(C=N) stretching and a weak broad band centered at
3500 cm™! that corresponds to v(N-H) in secondary amines [12]; the positions of
these bands indicate extensive electron delocalization from the cyclopentene to
the amino and S-cis thiocarboxylate groups. Metal imine complexation with L2
and L3 is supported by the disappearance of v(N-H) and the red shift of the
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Table 2 FTIR spectral data

Vibration L2 Cul2 L3 CulL3 L4 Cul4
vN-H 3452 (m,br) - 3502 (m,br) - 3532 (m,br) -
v,(C=C)+v,(C=N) 1586 (s) 1581 (s) 1589 (s) 1584 (s) 1589 (s) 1573 (s)
v, (C=C) 1479 (m) 1462 (s) 1484 (m) 1453 (s) 1480 (s) 1451 (s)
v{(C=N)+v,(C=S) 1313 (w) 1310 (s) 1322 (m) 1309 (w) 1336 (s) 1339
(m)

v,(S-CH,-) 1270 (s) 1274 (s) 1274 (m) 1279 (m) 1271 (s) 1256
(m)

p-CH, 948 (m) 949 (w) 949 (m) 947 (m) 951 (m) 947 (w)
v,(CSS-) 919 (m) 911 (m) 915 (m) 906 (m) 911 (m) 908 (s)
v4(CSS-) 757 (m) 788 (w) 774 (w) 765 (w) 761 (w) 767 (w)
v,(M-N), B, - 507 (w) - 525 (w) - 538 (w)
v(M-N), A, - 420 (w) - 424 (w) - 436 (w)

1588 cm™! band, due to the reduction in C=N character, but maintaining the C=C
bond. The v,(C-S) band splitting and the blue shift of the v(CS-S) band in the
CSS-R moiety, compared with the free ligand, indicate a monodentate dithio
group, similar to dithiocarbamate complexes reported by Nag [4]. Assuming C,,
core coordination, the three Cu(II)N, bands are: B,,v,(M(II)N) stretching near
520 cm™; Ay, v,(Cu(II)N) stretching near 490 cm™, similar to values reported for
Cu(II)N [4, 5]; and A,, 6(Cu(II)N) bending, appearing in the far infrared, along
with three Cu(II)S, bands [12].

33
EPR Spectra

Well-resolved EPR spectra were recorded at room temperature in toluene, ben-
zene, and methylene chloride solution. The isotropic EPR spectrum of CuL2
in methylene chloride is shown in Fig. 1 (inset). Note that each of the four ®*Cu
(I=3/2,69.2% abundance)/%Cu (I=3/2,30.8% abundance) hyperfine lines is split
into five components (this splitting, however, is not obvious for the broad lowest-
field hyperfine line). This superhyperfine structure in the EPR spectrum is
ascribable to interaction of the Cu(II) unpaired electron with two nearly equiv-
alent N (I=1, 98% abundance) donors. The EPR spectrum unambiguously
demonstrates coordination of two nitrogen atoms to copper. Well-resolved EPR
spectra in glassy toluene and toluene-methylene chloride mixtures were
recorded in the range 20-150 K (Fig. 1).

The spin-Hamiltonian parameters (Table 3) are within the range expected for
a CuN,$, coordination core [13]. The increase in g and concomitant decrease in
Aj on going from CuL2 to CuL4 suggests increasing distortion from CuN,S$, pla-
narity in the order CuL3<CulL4 [14].
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Fig.1 EPR spectrum of CuL2 in glassy toluene at 20 K (inset, isotropic spectrum in toluene at
room temperature)

Table 3 Spin-Hamiltonian parameters

Complex 8iso Aiso(63cu) Aiso(sscu) Aiso(N) g” AH(éscu)
Cul2 2.060 81.0 86.0 13.0 2.115 187
Cul3 2.064 66.5 72.0 11.5 2.128 165
Cul4 2.068 59.0 64.0 10.0 2.138 147

Isotropic EPR spectra were measured at 22 °C.

EPR spectra inglassy toluene solutions were measured at 20 K.

The hyperfine coupling constants (in 10~ cm™' units) and g values were estimated by simula-
tions using WINEPR Simfonia (Version 1.25, Bruker Analytische Messtechnik GmbH).

3.4
Electronic Absorption Spectra

Values of absorption maxima in the UV-visible spectra of the ligands and their cop-
per complexes are set out in Table 4. Electronic absorptions of the ligands were as-
signed by reference to energies of molecular orbitals obtained from a calculation
using the PC SPARTAN Plus program [15]. Ligand localized electronic transitions
are as follows: C=C m—m" (37 kK); S-CH,CH; n—0" (31 kK); C=N i—t" (26 kK);
and C=S m—7" (24 kK). Bands attributable to these transitions are red shifted from
their normal positions [16], due to strong charge delocalization among the
cyclopentene double bond, the nitrogen group, and the carbodithioate group. In
addition to charge-transfer absorptions, broad bands attributable to d-d transitions
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Table 4 Electronic spectra

Ligands® E, kK (¢ (M~'cm™))

L2 37.87 (9,100),31.35 (7,300), 26.32 (9,900), 24.63 (12,200)

L3 31.35 (13,800), 26.32 (19,900), 24.69 (18,000)

L4 31.66 (15,700), 26.32 (24,400), 24.45 (18,400)

Complexes®

Cul2 45.45(13,500), 31.84(15,600), 26.47(11,700), 24.87(4,030), 14.50(300), 12.41(76)
Cul3 44.83(10,100), 34.71(12,600), 31.20(13,700) 24,57(2,980), 21.19(1,660), 10.7(50)
Cul4 45,82(18,800), 31.85(11,600), 26.74(12,100), 24.39(1,990), 10.5(89)

2 1x107* mol/l CH,Cl, solutions.
b 1x1073 to 1x107* mol/l 1:1 DMSO-CH,CI, solutions.

Table 5 Calculated bond angles (degrees)

L CuSs’ CuNN’ CuSN CuS'N’ CuN’S CuN§’
2 84.17 88.30 145.27 137.96 86.34 76.80
3 86.98 91.09 173.30 165.83 91.56 88.73
4 94.69 94.80 140.48 141.40 95.05 100.95

are observed in the near IR region: Cul2, 12.41 kK; CuL3, 10.7 kK; and Cul4,
10.5 kK (the corresponding d-d bands in the spectra of planar [N,N-ethylene-
bis(methyl-2-amino-1-cyclopentenedithiocarboxylate) | Cu(II) complexes are above
12 kK [7]). The red-shifted absorptions in the CuL3 and CulL4 spectra strongly sug-
gest that the core CuN,S, structures of these complexes are distorted toward a flat-
tened tetrahedral geometry [17-20], consistent with the copper-ligand angles ob-
tained from computations (Table 5, Fig. 2) [15].

3.5
Reduction Potentials

Cyclic voltammetry of the Cu(II) complexes shows that the [Cu'L]**—[Cu'L]* re-
duction potential is in the -1.17 to -0.74 V range (Table 6). Peak current ratios

Table 6 Reduction potentials

Complex EoV E.V E;»V
Cul2 - -1.17 -
Cul3 -0.75 -0.86 -0.81
Cul4 -0.61 -0.74 -0.68

Potentials are vs Ag/AgNO; (range +1.3 to -1.2 V; scan rate of 100 mV s™').
Measurements were made in 0.1 mol/l TBAFB/CH,CI, solutions (1x10~* mol/l complex).
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CulL3

CulL4

Fig.2 Structures of the copper(II) complexes



Electronic Structures and Reduction Potentials of Cu(ll) Complexes 79

(ipcliy,) for 500 to 50 mV s™" scan rates and peak to peak separations indicate a
quasi-reversible electrochemical process [21]. The reduction potential increases
with addition of methylene groups in the N,N’-alkyl chain (-1.17 V for CuL2 to
-0.74 V for CuL4). In the planar core coordination of CuL2, Cu(II) is stabilized,
while in a flattened tetrahedral geometry (L3and L4), Cu(Il) is destabilized.
Cu(II)/Cu(I) potentials also are affected by the electronic nature of the donor
atoms: nitrogen donor interactions stabilize Cu(II), whereas sulfur ligation sta-
bilizes Cu(I) [22]. In the blue copper proteins, which contain distorted trigonal
CuN,S complexes, Cu(II)/Cu(I) potentials are all positive (>0.2 V vs NHE) [2].
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Abstract The optical and photophysical properties of three classic transition metal complexes,
namely [Fe(bpy);]**, [Ru(bpy);]** and [Co(bpy);]**, can be fine-tuned by doping them into a
variety of inert host lattices. The effects of the guest-host interactions are discussed in terms
of a chemical pressure. In this chapter we show how this chemical pressure can accelerate the
high-spin—low-spin relaxation in the iron complex by more than three orders of magnitude,
how it can increase the activation energy of the thermal quenching of the famous orange lu-
minescence of the ruthenium complex by a factor of two, and how it can push the high-spin
cobalt complex to become a spin-crossover complex.
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1

Introduction

Christian Klixbiill Jorgensen has been one of the pioneers in the elucidation of
the electronic structure of transition metal complexes [1]. The concepts of the
spectrochemical series [2], which classifies ligands in order of increasing ligand-
field strength, and the nephelauxetic series [3], which classifies them with respect
to the covalency of the metal ligand bond, are key concepts for our understand-
ing of chemical bonding in coordination compounds. They are equally important
for the understanding of their photo-physical and photo-chemical properties.

© Springer-Verlag Berlin Heidelberg 2004
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The aim of such general concepts is not to delve into the fine details of the elec-
tronic structure of a given complex, but to describe the most important contri-
butions to the overall evolution of given properties within a series of compounds.
Thus, Jergensen’s product rule [4] for estimating the value of the ligand-field
parameter for a given metal-ligand combination can, for instance, predict low-
spin or high-spin complexes. It is, however, too crude to be able to predict a given
complex to be a spin-crossover system, because the effective energy difference
between the high-spin and the low-spin state is also influenced by the second
coordination sphere. Indeed, many physical properties of transition metal com-
plexes are strongly influenced by the surrounding medium. More often than not
this influence is rather difficult to quantify. In particular in solution with static
and dynamic solvent/solute interactions, simple continuum models very often
do not do justice to the complexity of the problem. In this chapter, dedicated to
the memory of our colleague Christian Klixbiill Jergensen, we present three
examples of how the electronic properties of three simple complexes, namely
[Fe(bpy);]**, [Ru(bpy);]** and [Co(bpy);]** can be tuned in a controlled way by
doping them into a series of host lattices.

2
Intersystem Crossing in [Fe(bpy);]**

The iron(II) complex [Fe(bpy);]** is considered a typical low-spin complex hav-
inga 'A; ground state with all of the six d electrons nicely paired up in the t,, or-
bitals [2]. The absorption spectrum of this complex is dominated by an intense
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Fig. 1 Polarised single crystal absorption spectra at 293 K of [Fe(bpy);]** doped into
[Zn(bpy);](PFg), with the characteristic MLCT band centred at 530 nm. Insert: transient ab-
sorption monitored at 500 nm following pulsed laser excitation at 532 nm
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band centred at 530 nm. This band has first been assigned to a metal-ligand
d—7" charge transfer (MLCT) transition by Jergenson [5]. Palmer and Piper [6]
confirmed this assignment on the basis of polarised single crystal absorption
spectra of [Fe(bpy);]** doped into a variety of inert host lattices. Indeed, based
on the half width, they concluded that all observed spectral features in the visi-
ble are of an MLCT nature. Figure 1 shows the polarised single crystal absorption
spectra of [Fe(bpy);]*" doped into [Zn(bpy),](PFs),. The host crystallises in the
trigonal space group P3, [7]. However, the molecular trigonal axes of the com-
plexes are not parallel to the trigonal axis of the crystal. Rather, the unit cell con-
tains three formula units, and the [Zn(bpy);]** complexes are arranged in such
a way that the molecular trigonal axes are perpendicular to the trigonal axis of
the crystal. This is reflected in the relative intensities of the o (ELc) and the it
(E//c) spectrum of 1:2, due to the fact that the MLCT transitions in tris-bipyri-
dine complexes are polarised exclusively perpendicular to the molecular trigo-
nal axis [8].

The ligand-field strength for [Fe(bpy);]** is not too far away from the spin-
crossover region, and, as shown in Scheme 1,ligand-field theory predicts a num-
ber of low-lying ligand-field states in addition to the MLCT state. As mentioned
above, the corresponding d-d transitions are not directly observable in the ab-
sorption spectrum as their intensities are too low relative to the intense MLCT
band. Nevertheless, they play an important role for the photophysical properties
of [Fe(bpy);]** in so far as they provide a ladder of close lying states for efficient
non-radiative decay. In fact, the photophysical behaviour of [Fe(bpy);]** [9] is
quite similar to the one of iron(II) spin-crossover systems [10]. As indicated in

Scheme 1 The electronic MLCT —
structure of [Fe(bpy);]?* in- A
cluding the low-spin 1Al(tzgé) 1T

2 —

ground state, excited ligand-

field states, and the low-lying
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plex its red colour. Curly Tl
arrows indicate the pathway

for the extremely efficient

radiationless relaxation from

higher excited states down

to the high-spin °T,(t,,",?)

state. The subsequent high- 1 5T2
spin—low-spin relaxation is A 1 . .
orders of magnitude slower hlgh—SplIl
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Scheme 1, following the initial excitation into the MLCT band, a subpicosecond
[11] and thus highly non-adiabatic double intersystem crossing step can take the
complex to the lowest excited d-d state, which is the classic high-spin state of the
d® configuration, namely the °T,(t,,"e,”) state. Even though the °T, state does not
have an observable lifetime [11] it mediates the double intersystem crossing step
[12]. Due to the large difference in metal-ligand bond length between the high-
spin and the low-spin state and the resulting energy barrier between them, the
non-radiative relaxation from the high-spin state back to the low-spin ground
state is comparatively slow. For spin-crossover compounds having a very small
zero-point energy difference, AE’,;;, between the high-spin state and the low-spin
state, the light-induced high-spin state can have lifetimes of up to several days
at liquid helium temperatures [10]. In the [Fe(bpy);]** low-spin system, the
driving force for the relaxation is somewhat larger, and therefore the relaxation
back to the ground state is considerably faster. This is exemplified by the series
of relaxation curves recorded between 10 and 50 K for [Fe(bpy);]*" doped
into [Zn(bpy);](PF¢), shown in the insert of Fig. 1. These curves were recorded
by monitoring the transient bleaching of the MLCT band at 500 nm following
pulsed excitation with the second harmonic of a Nd:YAG laser at 532 nm. All
relaxation curves are perfectly single exponential, and the corresponding
high-spin—low-spin relaxation rate constants are plotted on a logarithmic
scale vs 1/T (Arrhenius plot) in Fig. 2 for temperatures between 15 and 150 K
and, in addition, at 295 K using a picosecond set-up. The room temperature
lifetime of 640 ns of the transient state of [Fe(bpy);]** doped into [Zn(bpy)s]
(PFg), is very close to the value of 830 ns for the transient state of [Fe(bpy);]**
in aqueous solution previously reported by Kirk et al. [13] and Creutz et al. [14].
As already pointed out by these authors, the transient bleaching of the MLCT
band merely indicates that there is a short-lived metastable state at some
energy above the ground state, without actually identifying its nature. At the time,
both Kirk et al. as well as Creutz et al. favoured the T, ligand-field state as
transient state, although Kirk et al. thought it could also be a *MLCT state, and
Creutz et al. did not entirely exclude the °T, ligand-field state. The comparison of
the lifetime of the transient state of [Fe(bpy);]** doped into the inert [Mn(bpy)s]
(PF¢), host lattice as determined using pulsed laser excitation with the one
determined using Mdssbauer emission spectroscopy put an end to speculation
as it allowed a clear cut identification of the transient state as the T, high-spin
state [15].

Figure 2 not only shows the high-spin—low-spin relaxation rate constants for
[Fe(bpy);]** doped into the [Zn(bpy);](PFe), host but into the whole series of
isostructural, and within the spectral range of interest photophysically inert host
lattices [M(bpy);](PF),, M=Co, Zn, Mn, and Cd. As expected from the theory of
non-adiabatic multi-phonon relaxation in the strong coupling limit [16], that is
with a large value of the difference in equilibrium bond lengths and a small value
of the zero-point energy difference between the two states, the relaxation pro-
ceeds via an almost temperature independent tunnelling process below approx-
imately 50 K and becomes thermally activated at elevated temperatures [10,17].
The most striking aspect of the data shown in Fig. 2 is the wide spread of the low
temperature tunnelling rate constants ranging from 6.2x10° s™! (=162 ps) for the
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Fig. 2 The high-spin—low-spin relaxation rate constant ky; plotted on a logarithmic scale
against 1/T (Arrhenius plot) for [Fe(bpy);]** doped into [M(bpy);](PFs),, M=Co (filled inverted
triangles), Zn (filled diamonds), Mn (filled triangles), Cd (filled circles), and into the three-
dimensional oxalate network [NaRh(ox);][Zn(bpy);] (filled squares) at ambient pressure,
and for the Cd host at an external pressure of 1 kbar (open circles), in aqueous solution at room
temperature (open squares). Insert: the low-temperature tunnelling rate constant ky; (T—0) vs
the unit cell volume of the host lattice for [Fe(bpy);]** doped into [M(bpy);](PF), (M=Co, Zn,
Mn, Cd)

Cd host to 1.4x10° s7! (1=720 ns) for the Co host. Phenomenologically, the low-
temperature tunnelling rate constant increases with a decreasing unit cell volume
of the host lattice. As shown in the insert of Fig. 2, ky;; plotted on a logarithmic
scale vs the unit cell volume of the host results in a perfectly linear correlation.
The physical interpretation of this result is straightforward. As the cavity pro-
vided by the host lattice for guest becomes smaller and smaller, the high-spin
state of the iron(II) complex, with its considerably larger volume as compared to
the low-spin state, becomes more and more destabilised. As a result the driving
force for the high-spin—low-spin relaxation increases and therefore the corre-
sponding rate constant also increases. Thus the effect of the different host lattices
on the guest can be viewed as a variation of an internal or chemical pressure. This
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chemical pressure can be compared to the effect of an external pressure. Figure 2
includes the relaxation rate constants observed in the Cd host at an external pres-
sure of 1 kbar. In the low-temperature tunnelling regime, this pressure increases
the relaxation rate constant by a mere factor of 2. Thus, the increase in relaxation
rate constant by a factor of ~250 between the Cd and the Co host indicates an in-
ternal pressure variation corresponding to ~8 kbar. Unfortunately, it is not pos-
sible to verify this experimentally by increasing the external pressure, because
above 1 kbar the external pressure induces a crystallographic phase transition,
which is accompanied by a discontinuous jump in the relaxation rate constant.
However, the hypothesis can be tested by doping [Fe(bpy);]** into the even more
confining host lattice of the oxalate network [Zn(bpy);][NaRh(o0x);] [18]. The ox-
alate network provides a very tight fitting cavity for the tris-bipyridine cation,
and as shown by the data included in Fig. 2, for this host lattice the low-temper-
ature tunnelling rate constant increases by yet another order of magnitude to
1.3x107 s~ (1=81 ns).

At room temperature the relaxation rate constant for the investigated systems
as well as for [Fe(bpy);]?* in solution [13, 14] falls into the comparatively narrow
range of 0.5 to 3x107 s! (1=0.35-2.0 ns). This is in accordance with the theory of
non-adiabatic multi-phonon relaxation in the strong coupling limit. At elevated
temperatures, tunnelling proceeds via thermally populated vibrational levels of
the high-spin state, and in the high-temperature limit the variation of the driving
force has less of an effect on the rate constant than in the low-temperature tun-
nelling region. The variation in zero-point energy difference between the two
states of [Fe(bpy);]** doped into the various host lattices can be estimated to be
of the order of 2000 cm™ as compared to an average driving force of the order of
a few thousand wavenumbers [9, 14, 17].

3
The Quencher State in [Ru(bpy);]?*

The excited state electronic structure of the [Ru(bpy);]** (bpy=2,2"-bipyridine)
complex has been the subject of a large number of papers over the past 30 years
[19]. Whereas the ground state of [Ru(bpy);]** in a strong octahedral ligand field
is the diamagnetic 'A, (t,,°) state, it is generally acknowledged that the lowest ex-
cited state, from which the famous orange luminescence originates, is an MLCT
state having a triplet character (see Scheme 2). Based on low-temperature data,
Harrigan et al. [20] proposed that this *MLCT state actually consists of a multi-
plet with three well-defined electronic levels split by ~10 and ~60 cm™, respec-
tively, each having its own radiative lifetime and luminescence quantum effi-
ciency, and having an increasing admixture of singlet character with increasing
energy. Extrapolation of the low temperature data to room temperature yields
limiting values for the *MLCT lifetime and the luminescence quantum efficiency
of ~2.8 pus and ~0.5, respectively. This is in contrast to experimental results. Typ-
ically, the luminescence quantum efficiency starts to decrease rapidly above
~200 K and, in parallel, the lifetime drops to well below the 2.8 ps. This behav-
iour has been interpreted as being due to a close lying d-d state which becomes
thermally populated at elevated temperatures, thereby quenching the MLCT lu-
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Scheme 2 The electronic structure of [Ru(bpy);]**. The much higher ligand-field strength as
compared to [Fe(bpy)s]?* pushes the excited ligand-field states to energies which are above the
energy of the lowest excited MLCT state. As a result, there is luminescence from this *MLCT
state. At low temperatures the quantum efficiency of the luminescence is quite high, but at
elevated temperatures thermally activated quenching sets in. This quenching is thought to
proceed via the thermal population of close lying ligand-field states

minescence via non-radiative processes [21]. In a more refined model, Lumpkin
etal. [22] proposed an additional higher lIying MLCT state of predominantly sin-
glet character making significant contributions to the non-radiative decay at el-
evated temperatures. This was subsequently confirmed by the detailed spectro-
scopic investigations of Yersin et al. [23] on the basis of polarised absorption and
emission spectra.

Maruszewski et al. [24] noticed that the energy of d-d quencher state depends
critically upon the second coordination sphere, showing that for instance inser-
tion of [Ru(bpy);]?* into the cavities of a zeolite effectively moves it to subs-
tantially higher energy. To date there is no hard experimental evidence for the
assignment of this state, but it is generally assumed to be a triplet ligand-field
state belonging formally to the t,,%,' configuration. The recent publication by
Thompson et al. [25] in fact addresses this problem explicitly. In a two photon ab-
sorption experiment these authors achieve a direct population of the quencher
state followed by relaxation to the emitting MLCT state within 100 ns on the one
hand and expulsion of one arm of a bipyridine ligand followed by recombination
within 80 pis on the other.

Figure 3 shows the polarised single crystal absorption spectrum at room tem-
perature of [Ru(bpy);]** doped into [Zn(bpy);](PF), at a level of 0.1%. As for the
iron(II) complex, the spectrum in the visible is dominated by the intense spin-
allowed 'MLCT band centred at 452 nm, and as for the iron(II) complex doped
into the same host lattice, the ratio of the E//c to the E Lc intensity is 2:1 due to
the MLCT transition being polarised perpendicular to the molecular trigonal
axis [8] and to the crystal packing with the molecular trigonal axis perpendicu-
lar to the crystal c axis [7]. Figure 3 includes the luminescence spectra at 11 K of
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Fig. 3 Polarised single crystal absorption spectra at 295 K and luminescence spectra at 11 K
of [Ru(bpy);]** doped into [Zn(bpy);] (PF),

[Ru(bpy);]** doped both into [Zn(bpy);](PFe), and [Cd(bpy);] (PFe),. Apart from
a slight shift of ~250 cm™ towards higher energy for the latter, the two spectra are
very similar.

Figure 4 shows the luminescence lifetime of the *MLCT state of [Ru(bpy);]**
doped into the two above-mentioned crystalline hosts as well as into the oxalate
network [Zn(bpy);][NaAl(ox);] as a function of temperature between 10 and
520 K. Below 180 K the curves are superimposable and follow the behaviour
reported for [Ru(bpy);]*" in a poly-methacrylate glass [13]. For the
[Cd(bpy);](PFs), host, thermal quenching sets in at ~180 K, for [Zn(bpy);](PF),
at ~270 K, and for the oxalate network [Zn(bpy);][NaAl(ox);] at ~380 K. In ad-
dition, under an external pressure of 30 kbar, the [Ru(bpy);]** luminescence in
the oxalate network is not quenched all the way up to 520 K!

Again, the key difference between the three hosts lattices lies in the different
volumes they provide for the guest complexes and thus a variation of the chemi-
cal pressure felt by the guest complexes. As before, the [Zn(bpy);](PF), host exerts
a larger chemical pressure than [Cd(bpy);](PF),, and the tight fit of the tris-
bipyridine cations in the oxalate network results in a larger chemical pressure still.
The quenching temperature thus follows the increasing chemical pressure,and in
the oxalate network an additional external pressure removes the quencher state
altogether. Both chemical and physical pressures shift the quencher state to higher
energies. Qualitatively, it therefore has a larger molecular volume than the MLCT
states, as expected for a d-d excited state. According to Eq. 1,

kobs (T) = kMLCT (T) + kQ (T) = kMLCT (T) + A X e—Ea/kBT (1)

the observed relaxation rate constant, k.,,(T), can be expressed as the sum of the
direct relaxation rate constant of the MLCT manifold, ky; or(T), comprising both
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Fig. 4 Excited state lifetimes (on a logarithmic scale) vs temperature for [Ru(bpy);]** doped
into [M(bpy);](PFs), (M=Cd, Zn) and into the three-dimensional oxalate network
[Zn(bpy);][NaAl(ox);]. For the latter system the lifetime at an external pressure of 30 kbar is in-
cluded. Insert: the thermal quenching rate constant kg of [Ru(bpy);]** plotted on a logarithmic
scale vs 1/T

radiative and non-radiative processes, and the thermally activated quenching
process, ko(T) [22]. The temperature dependence of the direct decay at elevated
temperatures is accessible experimentally as the lifetime of the [Ru(bpy);]** lu-
minescence in [Zn(bpy);][NaAl(ox);] under the external pressure of 30 kbar.
Thus, kq (T) can be extracted from the experimental data. The insert of Fig. 4
shows the Arrhenius plots as In[kq (T)] vs 1/T for the three host lattices. They
are all perfectly linear with activation energies E* of 2110(30) cm™ for the
[Cd(bpy);](PF), host, 3045(20) cm™ for the [Zn(bpy);](PFs), host and
4310(80) cm™! for the [Zn(bpy);][NaAl(ox);] host, respectively. Such a large vari-
ation in activation energy, as compared to the rather small shift of the "MLCT lu-
minescence, indicates that the molecular volume of [Ru(bpy);]** in the quencher
state is substantially larger than in the luminescent state. As the MLCT state equi-
librium geometry is not very much different from the ground state geometry
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[26],it can be concluded that the molecular volume of the quencher state is also
very much larger than the one of the 'A, (t,,°) ground state. Indeed, the variation
of the activation energy is of the same order of magnitude as for the zero-point
energy difference between the high-spin and the low-spin state in the corre-
sponding iron(II) systems discussed in the previous section. Thus the commonly
assumed assignment of the d-d quencher state to the lowest energy triplet state
originating from the t,,’e,'configuration is not conclusive. The large variation of
the activation energy on the surrounding medium indicates that it could also be
the quintet high-spin state originating from the t,,*e,” configuration. Of course,
the ligand-field strength for [Ru(bpy);]** at the ground state equilibrium bond
length is typically 50% larger than for [Fe(bpy);]**. Thus, vertically from the
ground state equilibrium bond length, the first excited d-d state is indeed the °T,;
(tzgSegl) state. However, it is not the Franck-Condon energy that is of interest here,
but the zero-point energy difference. As for iron(II) spin-crossover systems the
difference in volume between the two states translates into a difference in metal-
ligand bond length, and therefore at the equilibrium geometry of the quencher
state the ligand-field strength is substantially reduced as compared to the one at
the ground state geometry. This results in a ligand-field strength in the vicinity
of the crossover point in the Tanabe-Sugano diagram, and thus at the equilibrium
geometry of the quencher state the first excited d-d state could indeed be the °T,
(tyg'e”) high-spin state. *

Of course, the results presented here do not constitute hard experimental evi-
dence for such a reassignment of the d-d quencher state either. The reassignment
would, however, explain as to why for [Ru(bpy);]** and its numerous derivatives
there is not a single case for which luminescence from a d-d state has been observ-
ed. Based on the above ligand-field theoretical arguments the zero-point energy dif-
ference between the triplet and the quintet state is expected to be quite small.
Indeed, it is conceivable that in solution the dissociative Jahn-Teller coordinate of
the triplet state is responsible for the thermal quenching of the MLCT luminescence
whereas in the solid state such a distortion is inhibited by the host lattice.

4
Turning [Co(Bpy);]** into a Spin-Crossover Complex

In contrast to the iron(II) complex, [Co(bpy);]** generally is a typical d” high-
spin complex with a *T (t,,°e,”) ground state [2]. The corresponding absorption
spectrum in the region of the d-d transitions consists of one weak band at around
11,500 cm™ (830 nm) assigned to the *T,—*T, d-d transition [6]. This is exem-
plified in the spectra of the cobalt complex doped in the three-dimensional
oxalate network structure [Co(bpy);][NaRh(0x);] shown in Fig. 5a.

However, the ligand-field strength for [Co(bpy);]** is not too far away from the
spin-crossover point and, as indicated in Scheme 3, the zero-point energy dif-
ference between the ground state and the corresponding *E(t,,’e,') low-spin state
must therefore be quite small. The by now obvious strategy to push [Co(bpy);]**
towards a spin-crossover or even a low-spin system is to increase the chemical

* See note added in proof.
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Fig. 5 a Single crystal absorption spectra of [Co(bpy);][NaRh(ox);] at 10 and at 295 K. b Vari-
able temperature single crystal absorption spectra of [Co(bpy);][LiRh(0x);]

pressure in order to destabilise the high-spin state with respect to the low-spin
state!

Mizuno and Lunsford [27] as well as Tiwary and Vasudevan [28] demonstrated
the feasibility of this approach by inserting [Co(bpy);]?* into zeolites. The three-
dimensional oxalate networks are likewise suited for this, as by varying the com-
bination of metal ions on the oxalate backbone, the size of the cavity can be ad-
justed. The variable temperature absorption spectra of [Co(bpy);][LiRh(0x);] in
Fig. 5b demonstrate that this strategy actually works [29]. They are very differ-
ent from the spectra of Fig. 5a, indicating that the sought for change in electronic
ground state has indeed occurred. At the lowest temperature there is a compar-
atively intense band centred at 14,400 cm™! (700 nm). This band can be assigned
to the 2E—?T , T, transitions of the low-spins species. The temperature dependent
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Scheme 3 The electronic structure of [Co(bpy);]** with a high-spin ground state and the effect
of chemical pressure provided by the cavities of the oxalate network which destabilises the high-
spin state (with picture of cavity)

bands at higher energy clearly belong to the same species as the band at
14,400 cm™!, but they are not as straightforward to assign. With extinction coeffi-
cients of ~600 M~! cm™! they are rather too intense for d-d transitions. Further-
more, ligand-field theory does not predict any spin-allowed d-d transitions in this
region, and their half width is substantially smaller than the one of the 2E—?T,,
2T, transitions even taking into account the broadening due to the energy differ-
ence of ~600 cm™! between the two excited states. They are thus more likely to cor-
respond to MLCT transitions of the low-spin species. As the temperature is
increased the intensity of all bands gradually decreases. This indicates a depopu-
lation of the low-spin state with increasing temperature. That this is indeed due
to a spin transition is borne out by the magnetic susceptibility, plotted as the prod-
uct XT (rather than ;= V8xTug) vs temperature for [Co(bpy);][NaCr(ox);] and
[Co(bpy);][LiCr(ox);] [28] in Fig. 6a. After subtracting the spin-only contribution
of [Cr(ox);]*~ using [Fe(bpy);][LiCr(ox);] as reference, the xT curve of the for-
mer follows the typical behaviour of an octahedral cobalt(II) complex in the
high-spin state, exceeding the spin only value for S=3/2 of 1.88 cm® mol! K
(Per=3.87 pp) due to the comparatively strong and temperature dependent orbital
contribution [30]. For the latter, the xT value at 10 K of 0.38 ¢cm?® mol! K
(per=1.73 pp) corresponds to the spin-only value of an S=1/2 state, as expected
for the low-spin state of cobalt(II). As the temperature increases, xT increases and
tends towards the characteristic value of the high-spin state at room temperature.
Thus, the increase in internal pressure exerted on the [Co(bpy);]** complex upon
substitution of Na* by the smaller Li* does indeed destabilise the high-spin state
of [Co(bpy);]** sufficiently for the low-spin state to become the electronic ground
state of the system. The actual zero-point energy difference is quite small such
that the entropy driven thermal population of the high-spin state approaches
80% at room temperature.

In addition to T as a function of temperature for the three neat compounds,
Fig. 6a shows x T for the mixed crystal series [Fe,_,Co,(bpy);][LiCr(ox);], x=0.8,
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Fig. 6 a Variable temperature magnetic susceptibility, plotted as the product xT, in neat
[Co(bpy);][NaCr(ox);], and [Co(bpy);][LiCr(ox);], as well as in the mixed crystal series
[Fe,_.Co,(bpy);][LiCr(ox);]. For comparison, the data for [Fe(bpy);][LiCr(ox);] are included.
b Spin-transition curves for neat [Co(bpy);][LiCr(ox);] and for the mixed crystals
[Fe,_.Co,(bpy);][LiCr(ox);] from magnetic susceptibility measurements
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0.63,0.37,0.23 and 0.13. Obviously, by diluting the paramagnetic complexes with
the diamagnetic iron complex, xT decreases with decreasing cobalt concentra-
tion. A more meaningful way to plot the data is first to subtract the contribution
of chromium(III) complex and then to normalise to the respective mole fraction
of cobalt(II) complexes. Figure 6b shows the resulting spin transition curves,
plotted as the fraction of cobalt(II) complexes in the high-spin state vs temper-
ature, for the neat compound as well as for the mixed crystal series. Two obser-
vations can immediately be made: with increasing dilution, the spin transition
moves to higher temperatures and becomes more gradual. The first observation
is a direct consequence of the concept of an increasing internal pressure with
an increasing concentration of [Fe(bpy);]**. This is to be expected, because
the Fe-N bond length of 1.96 A is shorter than the Co-N bond lengths of 2.03
and 2.14 A for [Co(bpy);]** in the low-spin state in the high-spin state, respec-
tively. The corresponding unit cell volumes are 3642.7 A® and 3527.8 A® for
[Co(bpy);][LiCr(ox);] at 293 and 10 K, respectively, and 3520.6 A® and 3472.4 A®
for [Fe(bpy)s][LiCr(ox);] at 293 and 10 K. Therefore, an increase in the
[Fe(bpy);]** concentration results in a contraction of the lattice and thus to an in-
crease in internal pressure relative to the neat cobalt(II) compound. The second
observation is the consequence of so-called cooperative effects due to elastic in-
teractions between the spin changing complexes. These can be viewed as a mod-
ulation of the internal pressure as a function of the fraction of complexes in the
high-spin state. As the complexes in the high-spin state are larger than those in
the low-spin state, the whole lattice expands upon thermal population of the
high-spin state, and as a consequence thereof, the internal pressure decreases,
making the conversion of the remaining low-spin complexes to the high-spin
state easier [10,31]. Thus, the spin transition in the neat cobalt compound is less
gradual than in the mixed crystal systems.

5
Conclusions

Lattice forces can be substantial. Just by substituting the metal ion of the inert
hosts, the effect of the chemical difference in pressure can be equivalent to sev-
eral kbar of external pressure. Ordering of electronic levels can be inverted and
therefore magnetic, optical and photophysical properties can be tuned. With our
series we have done so in a controlled and understandable way. In this respect the
solid state has several advantages over solution and polymer matrices: a) the ac-
cessible temperature interval is much larger, b) there are less complications due
to phase transitions, glass points and softening of the matrix and c) there is less
inhomogeneous broadening of electronic energy levels. Of course, the concept of
internal pressure is very crude, and constitutes only a first approximation to the
complex problem of guest-host interactions. Advances in computational power
should lead to a better understanding of such interactions in the not too distant
future. The three examples chosen here are instructive in showing quantitatively
by how much energy levels can shift, and how dramatic the effect of seemingly
minor chemical changes can be: a) several orders of magnitude variation in rate
constant of the high-spin—low-spin relaxation in [Fe(bpy);]**,b) a large varia-
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tion in activation energy for the thermal quenching of the luminescence in
[Ru(bpy);] **, suggesting an alternative assignment of the quencher state and c)
outright crossover of the electronic ground state for [Co(bpy);]**. For all three the
importance lies in the fact that ground and excited states have different equilib-
rium geometries and therefore respond differently to external perturbations. The
three examples show how much progress has been made in our understanding
of chemical bonding in coordination compounds since the day of the early
models for which the concepts developed by our colleague C.K. Jorgensen were
instrumental.
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Note added in proof

DFT calculations using one of the latest functionals (rPBE) and a high-quality basis set indi-
cate, that the original assignment of the quencher state in [Ru(bpy);]** to the *T,(t,’e,') state
is, after all, correct. However, they also indicate that the Ru-N bond length difference between
the *MLCT and the *dd state is as large as 0.15 A. This is substantially larger than for a one elec-
tron excitation of first row transition metal complexes. It is, in fact, large enough to explain the
observed variation in activation energy for the thermal quenching of the [Ru/(bpy);]** lumi-
nescence in the different host lattices.
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Abstract A general and user-oriented ligand field (LF) theory - LEDFT with parameters ad-
justed to DFT energies of separate Slater Determinants (SD) of the partly filled d" shell [n=2(8),
3(7),4(6) and 5] of transition metals (TM) complexes - is developed and tested using 22 well
documented examples from the literature. These include Cr', d* and Co" d’ in octahedral and
Cr"V, MnV, Fe¥! d2, Co™ d7, Mn"! d° Ni' d® in tetrahedral complexes for which reliable values of
d-d transition energies available from high-resolute ligand field spectra of complexes with
halogenide (F, Cl, Br and I), oxide and cyanide ligands have been reported. The formalism has
been implemented and consists of three steps allowing provision of geometries, ligand field
Kohn-Sham orbitals and SD-energies in a way consistent with the LF phenomenology. In a
fourth step LF parameters are utilized to yield multiplet energies using a full CI LF program.
Comparing SD energies from DFT with those calculated using the LF parameter values, we can
state for all considered cases, that the LF parameterization scheme is remarkably compatible
with SD energies from DFT; standard deviations between DFT SD-energies and their LEDFT
values being calculated between 0.016 and 0.124 eV. We find that, when based on the average
of configuration with n/5 occupancy of each MO dominated by TM d-orbitals and on geome-
tries with metal-ligand bond lengths from experiment, the 10Dq parameter values (cubic sym-
metry) are very close to the ones obtained from a fit to reported ligand field transitions. In con-
trast, when using common functionals such as LDA or gradient corrected ones (GGA) we find
that the parameters B and C deduced from a fit to the SD energies are systematically lower than
experimental. Thus spin-forbidden transitions which are particularly sensitive to B and C are
calculated to be by 2000 to 3000 cm™ at lower energies compared to experiment. Based on DFT
and experimental B and C values we propose scaling factors, which allow one to improve the
agreement between DFT and experimental transition energies, or alternatively to develop a
DFT theory based on effective LF functionals and/or basis sets. Using a thorough analysis of
the dependence of the Kohn-Sham orbital energy on the orbital occupation numbers, follow-
ing Slater theory, we propose a general LEDFT scheme allowing one to treat, within the same
formalism low symmetric ligand fields as well. Test examples, which illustrate the efficiency of
this approach, include C; distorted CrO,* and D,4 distorted MnO,*>- chromophores. Finally, for
cubic LF we propose a hybrid LEDFT model (HLFDFT) which leads to an improvement of the
existing DFT-multiplet theories. We show, taking low-spin Co(CN),*~ as an example, that the
new model yields better results as compared to time-depending DFT (TDDFT). A discussion
of the LFDFT method in the context of other CI-DFT approaches is given.

Keywords Ligand field theory - Density functional theory - Electronic transition energies -
Ligand field parameters
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1
Introduction

In this contribution we present a general theory of transition metal (TM) com-
plexes which is based on DFT calculations of the manifold of all Slater determi-
nants (SD) originating from a given d" configuration of a transition metal com-
plex. These results are used as a data base allowing one to reformulate the ligand
field problem within the DFT framework and to determine and interpret its
parameters using DFT data prior to experiment. We study the performance of the
presently available functionals and we explore the possibility of accounting
for both the dynamic and the non-dynamic correlation by a combined use of DFT
and configuration interaction (CI) treatments, respectively. A comparison of some
well characterized systems in the literature with other developments for calculat-
ing ground and excited states properties using DFT, such as time-depending DFT
[1] and CI-DFT [2], is used to demonstrate the impact of this new approach.
Ligand field theory (LFT) has been and still is a useful tool for interpreting op-
tical and magnetic properties of TM complexes. The predominantly ionic picture,
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based on metal ions perturbed by surrounding anions (ligands) encountered in
crystal field theory (CFT) [3], later supplemented by metal-ligand covalency in
the Angular-Overlap Model (AOM) [4], provides an adequate description of the
optical d-d transition, paramagnetism, magnetic interactions and electronic spin
resonance (ESR). Yet, LFT is an empirical approach gaining its parameters by
comparison with existing experimental data and its justification lies in its abil-
ity to reproduce these data. Thus, all LF approaches, both CFT and AOM are tools
for interpreting rather than tools for predicting electronic phenomena in TM
complexes. The demand for a predictive theory in this respect is mostly tangible
for systems, such as active sites of enzymes, where little or no structural and/or
spectroscopic data in high resolution are known. The need for a model which is
parameter free on one site but compatible with the usual ligand field formalism
on the other site becomes increasingly pronounced in view of the new develop-
ments in bio-inorganic chemistry [5, 6]. Density Functional Theory (DFT) is such
a model. In an extension of previous studies [7] it has been shown using nu-
merous examples by C. Daul [8], that the multiplet theory of TM ions and com-
plexes is compatible with the DFT formalism. In turn, recipes have been proposed
[9-11] to link the latter formalism in the form of SD energies obtained within
DFT with the energies of various multiplets of the free TM atom or ion or TM
complex. In this introduction, we will briefly summarize, for readers less famil-
iar with LF theory, the existing LF approaches covering the CFT and AOM and
reaching up-to-date DFT based multiplet theory developments. Later we will de-
scribe our theory and, following that, extensive applications will be given.

1.1
The Conventional Ligand Field Theory CFT [3] and AOM [4]

The physical background of the existing LF models stems from the rather local-
ized character of the wavefunction of the d-electrons allowing one to consider a
d"-configuration as well defined. It gives rise to a number of SD (i.e. 45,120, 210
and 252 SD for n=2(8), 3(7),4(6) and 5). They are used as a basis for expanding
the many electron wavefunction for the ground and the excited states. The ex-
pectation values of the energy within this basis are obtained from the solution of
the eigenvalue problem using the operator Eq. (1):

HLF:Z(i)h(i)+Z(i,j)G(iaj) (1)

Equation (1) includes the one electron, ligand field Hamiltonian h(i) and the two-
electron G(i,j) operator which takes account of the Coulomb interactions between
d-electrons (via the 1/r;; operator); summation is carried out over the d-electrons
i<j=1,2,3,4 and 5.

We note that the operators h and G are left unspecified in Eq. (1) and various
LF models differ in the way they approximate these operators. When acting on
the SD the operator V; leads to matrix elements h,, for the d-orbitals and G4

h,,b=ja*(1)h(1)b(l)d1'1
Gapea = [ [ @* ()6*(2)G(1,2) (1) d(2)dr, dr, ()
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In Eq. (1) and Eq. (2) we use symbols i,j (or 1,2) and a, b, ¢, d in order to distin-
guish between electrons and orbitals occupied by electrons, respectively. Within
the CFT, the h,, matrix elements reflect the electrostatic perturbation of
surrounding ligands on the d-electrons in terms of Coulombic interaction. For
an octahedral ligand field and a basis of real d-orbitals, the 5x5 matrix is diagonal
with matrix elements of £.=(3/5) 10Dq for the e, (e=d,, ,,, 0=d,,) and £=-(2/5)
10Dq for the t,,(§=d,,, n=d,, and {=d,,) orbitals obeying the barycentre rule
(2€.+3¢=0). The €.-¢, orbital energy difference is the cubic ligand-field splitting
parameter 10Dq.

In the central field approximation the G, .4 integrals are expressed in terms of
the Racah parameters A, B and C, pertaining to the spherical symmetry (see the
Table in the Appendix), or alternatively, the more physical Slater-Condon para-
meters Fy, F, and F,).

Within the Angular Overlap Model, the h,, matrix is calculated using orbital
overlap energies for o (¢,=3e,) and 1 (¢,=4e,;) antibonding leading to the same
diagonal h,, matrix and 10Dq=3e,-4e,. The great advantage of using overlap
arguments when parameterizing h,, lies in the fact, that overlap energies may be
expressed in terms of parameters e, and e, which reflect the strength of the
metal-ligand bond and thus the M-L bond distance. The angular dependence is
given by the rotational transformation properties of the d-orbitals since ligand-
ligand interaction is neglected. Thus coordination polyhedra of complexes with
lower symmetry can be treated on the same footing as the higher symmetric
ones, the h,, matrix being expressed in terms of angular factors and the e; and
e, parameters. The great merit of such a model is its ability to treat systems with
little or no symmetry. Its drawback lies in the large number of model parameters
to be determined from experiment for such systems, resulting in a complex pa-
rameterization. Later we will develop recipes allowing one to use DFT data in or-
der to approximate the h,, matrix from DFT and thus to overcome these short-
comings.

1.2
The Electron Repulsion Parameterization of Griffith [12]

A more refined treatment of the G(i,j) term of the LF-operator beyond the cen-
tral field approximation considers the dependence of G,,.q on symmetry. As has
been shown by one of us, making use of Wigner-Eckhart’s theorem [8], the 120
G.peq integrals can be expressed in the case of cubic symmetry in terms of 10 in-
dependent (reduced) matrix elements R;(i=1 to 10) and symmetry factors given
by the cubic Clebsh-Gordon coefficients. The transformation used here consists
simply in choosing a set of 10 merely independent G,,.4(g;) out of the 120 and to
express the unphysical reduced matrix elements R; in terms of the g; using the
corresponding linear mapping. In Table 1 we list all these parameters along with
the parameters (a) to (j) proposed by Griffith [12]. In this Table we also include
the relations of Ri(g;) to the electronic configuration, expressing these variables
in terms of A, B, C specific for a given configuration.

We also notice that only one parameter, g;, cannot be related to any given
micro-states.
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Table 1 Symmetry independent interelectronic repulsion g, to g, parameter definitions in a
ligand field of cubic symmetry and their expressions in terms of reduced matrix elements (R,
to Ry) from [8],the A, B and C parameters allowing for their dependence on the electronic-
configuration (A,, B, C, for €%, A, B, C. for e't,! and A, B,, C, for t,%) as well as with the orig-
inal Griffith’s parameters (a to j)*

ciparameters Configura- Reduced parameters R  Racah parameters Original
tion type Griffiths
parameters
g,=[uu|uu] e? R,/2+4R,/4 A +4B.+3C, e
g,=[uv|uv] e? R,/4 4B.+C, f
g;=[ug|uk] elt,! Rs/4+R4/12 B +Cy
g=[uglve] o't (1/4V3) (Rs-Ry) ~V3B, -h
gs=[uulgE]  e't)! (1V6)R;+(1/4V3)R, A 2B +C,, d+(21V3)c
g=[uv|gg] €'ty R,/4 2V3B, c
g,=[EE|EE] t,? R;/3+(2/9)Rg A+4B+3C; a
gs=[&nlén] t? Ry/6 3B+C, j
go=[&&InNn] t,2 R,;/3-Rg/9 A-2B+C, b
go=[én[u] - Ryo/(3V2) -2V3B" -2

a [ab|cd]=[[a(1)b(1)(1/r,;)c(2)d(2) dr, dr,.

b Value of B’ cannot be assigned to a given electronic configuration.

¢ Reduced matrix elements of interelectronic repulsion as defined by : R;=¢e?||a,||e?);
R,=(e?|[e][e?); Ry=¢e?|[a |[t,%; Ry=(e?|[e]|t,*); Rs=Cety||ty[[et,); Re=Cety[ty][ety)s Ry=Ct,*([ay[[t,s
Ry=(ty?|[e][t,%); Ro=Cta?|[ta] [t Ryo=Ct*{[ta][et) [8].

In Table 2 we list expressions of the various SD for a d? complex of cubic sym-
metry using the two approaches, along with DFT values for the energies of all in-
dependent SD for the MO,* (M,z=Cr"V, -4, Mn", -3 and Fe"’, -2) model clusters.

1.3
Calculations of Multiplet Energies Using DFT

The wavefunction of multiplets arising from a given configuration is in general
a linear combination of SD formed from the Kohn-Sham spin orbitals given by
DFT. It follows that DFT calculations cannot yield multiplet energies directly.
Following [7] the energy of a multiplet can be expanded in first order as a
weighted sum of single determinant energies. The energy of a single determinant
can be replaced by the corresponding statistical energy as obtained by the DFT.
In order to illustrate the method, as a first example, we consider the singlet and
triplet energies arising from an a'b' configuration. While spin-unrestricted cal-
culations with two up (+) spins, [a*b*|, yields directly the energy of the S=1, M=1
state, a calculation with one spin-up (+) and one spin-down (-), |a*b-| (or equiv-
alently |a™b|) gives the average energy between the S=0 and S=1 with M =0 for
both states:

E(|a*b*|) =E (ab’B; M, =1) (3)
E (|a*b7|) = (1/2) [E (ab’B; M, = 0) + E (ab, 'B)]
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From these equations the energy of Eg_o(M=0) can be extracted as the weighted
sum

E (ab'B) = 2E (|a*b7|) - E (|a* b*]) (4)

The situation becomes more involved when going to a TM complex with highly
degenerate orbitals. However arguments presented earlier allow one to exploit
fully the symmetry in order to simplify the relation between the multiplet split-
ting and SD energies. In general, we can write the multiplet wavefunction as

Yi = [aTmpSMg > (5)

where T and S denote the space and spin part of the wavefunction, respectively,
and mr and M, denote their components in the case of degeneracy. The relation
between multiplet first order energies, E(y,)and the energies of some symmetry
independent (non-redundant) SD E(¢,) is given by Eq. (6), where the coefficient
Fy, are the symmetry dependent weights.

E(py) = 2 4 FE(@,) (6)

Instead of representing the general theory (see [8] for more details) we consider
an example, i.e. that of a d* configuration in a tetrahedral ligand field. Using sym-
metry-adapted wavefunctions listed elsewhere [13], the term energies can be ex-
pressed to first order as a function of the energies of the SD in Table 3 and of ad-
ditional mixed terms (Table 3). These terms differ in two orbitals and can
correspondingly be expressed in terms of the parameters of interelectronic re-
pulsion for cubic symmetry g,, g;, g, and g; (see Appendix). From the expressions
of the SD energies in terms of g; (i=1 to 9) we can conversely write down g, g3, 8,
and gg in function of the former ones (Eq. 7). We, thus, arrive after substitution for
g; to a weighted sum of SD: yielding the first order energy of each term in Table 3,
where, for the sake of illustration, numerical values for CrO,*" are also included:

g =E(6" ) =(1/3) E(6"6") = (1/3)E(¢" ") (7.1)
$=E(0"8) - E(6" &) (7.2)
8= (V3/2) [E(7&") - E(0" &) + (2/3)E(6* &) - (2/3)E(6* &)]  (7.3)
g&=EE M) -E( ") (7.4)

Two different problems deserve discussion here. First of all, we notice a small de-
viation from the symmetry conditions imposed by the high cubic symmetry. We
note also that the E(6*¢"), E(e*e”) and E(6%6") are not symmetry independent, but
are related by symmetry (Eq. 7.1); we note that the ground state determinant
E(6"e*) is taken as reference. However, the energies of these SD determinants re-
sulting from the DFT calculations deviate somehow from these conditions yield-
ing very close, yet different energies for 6*6~ and €*¢” (cf Table 2) and a ratio of
E(6%07)/E(6%e")=4.14 instead of 3. The violations from the redundancy (sym-
metry) conditions are due to the approximate character of the functionals in use.
In Table 3 we used an adjusted value of g, given by Eq. (8) which corresponds to
the best fit:

g = (1/13)E(6*e) + (1/9)E(60°) + (1/9)E(e* ) (8)
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The second problem inherent in Table 3 is the neglect of configuration inter-
action between terms of the same symmetry. Such mixing does appear, e.g. for the
3T, and 'T, terms due to CI; we have to consider 2x2 matrices rather than first
order (diagonal) matrix elements. The off-diagonal mixing terms cannot be ob-
tained from Coulomb and exchange integrals and are thus not amenable in the
SD DFT approach. An attempt to introduce this second order correction using
Kohn-Sham orbitals has lead to rather large (non-screened) electrostatic matrix
elements [14]. Utilizing the formalism described in the next section, we note that
off-diagonal terms are crucial in the case of the !A; and T, terms. The account
of the CI mixing for these terms leads to a better agreement between theory and
experiment (Table 3) as will be shown below.

2
The LFDFT Theory

2.1
Cubic d*® Systems

We present the main ideas behind our approach using a simple example, that of
ad? TM in a tetrahedral coordination. Recalling the effective nature of LF Hamil-
tonian we can write down equations for all SD energies in terms of the parame-
ters B, C and 10Dq. Thus we obtain a system of 45 linear equations with 3 un-
known parameters (Eq. 9). We note that only 15 SD energies are different at the
DFT level (Table 2); however we take all 45 equations into account. In doing so,
we provide a better statistical weight for those SD which have the same energy.
In addition, an arbitrary shift of all DFT energies compared to the LF for each SD
energy has to be considered due to the different gauge origins. This is most ele-
gantly done by introducing one additional regression coefficient. This yields a
system of over-determined linear equations (Eq. 9), where X stores the ligand
field parameters, E the energies of the SD and A the coefficients of the linear re-
lation between E and X. This system has to be solved in the least square sense
(Eq. 10) to obtain B, C, 10Dgq:

E=AX )
X=(ATA)'ATE (10)

For CrO,* we get B=427 cm™!,C=2274 cm! and 10Dq=8847 cm™!. A comparison
between the SD energies calculated using B, C and 10Dq values with the DFT data
shows a nice fit (Fig. 1) with a rather small standard deviation (StDev=0.039 eV).
This result illustrates the consistency between the DFT formalism and the para-
meterization by LF theory. DFT values of B, C and 10Dq have been introduced
into an LF program which takes account of configuration interaction (CI) within
the LF manifold. The results from these calculations have the advantage that both
dynamical (via the DFT) and non-dynamical correlation (via the CI) are taken
into account. It follows that the present approach is superior to the usual proce-
dure in which multiplet energies from DFT calculations being confined to a given
configuration neglect CI mixing with terms of the same symmetry (see above).
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Fig. 1 Calculated (DFT-LDA, circles) and reproduced (using best fit B=4ZZ cm™,C=2274 cm™,
10Dq=8847 cm™’, stars) values of the SD energies of CrO,* (R,_o=1.77 A), the energy of the
€'0" is taken as energy reference

To generate the Kohn-Sham (KS) orbitals needed in the calculations of the SD
energies we use a spin-restricted self-consistent field (SCF) calculation of the
average over the whole d" configurations — we occupy each d-orbital (as recog-
nized as such by the dominating d-character in a population analysis) with n/5
electrons. In doing so, we ensure a good starting approximation; here we comply
with the spherical symmetry inherent when approximating matrix elements of
G(i,j) in terms of B and C; we thus assign any energetic effect due to deviation of
the LF orbitals from the spherical symmetry to contributions to the one-electron,
LF matrix h,y [15]. This recipe is consistent with the prerequisites of the LF ap-
proach, where orbital relaxation is only taken into account at the level of aver-
aging the electron density to provide proper LF orbitals, while all SD energies for
latter LF treatment are calculated without SCF iteration (see the analysis in [15]).

The G,,q Coulomb matrix elements do not change on going from two elec-
trons (d?) to two holes (for a d® complex), while those of the LF h,, change their
sign. The same expressions in Table 2 also apply for d*® octahedral complexes
with a sign reversion of 10Dq from T, to Oy,. A summary of sign-relations be-
tween d*® and T4 and Oy, is given in Eq. (11):

(10Dq) Td’ d*=- (10Dq) Td’ dd=- (10Dq) Oh’ d*= (lODq) Oh’ dsd (11)
2.2

Cubic d3?, d*® and d° Systems

The procedure just described has also been extended to d*?, d*® and d° TM com-
plexes. The 120,210 and 252 SD that result for these configurations have been ex-
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pressed in terms of 10Dq and B, C. A best fit minimizing least square deviations
between DFT and calculated SD energies following Eq. (10) has been performed
for each case, yielding values of B, C and 10Dgq; standard deviations have been
used to check the consistency of the parametric model in each case. The proce-
dure has been implemented in a series of programs written in MATLAB 6.1 [16].
Resulting values of the model parameters have been used in combination with
our favourite LF program to yield all multiplet energies of a given complex. Elec-
tronic transition energies calculated in such a way have been compared with ex-
perimental data from literature. In an independent step, B, C and 10Dq fitted di-
rectly to experimental LF transition energies (which we call “experimental”) have
been compared with the DFT ones.

23
Generalization to Low Symmetric LF and Poly-Nuclear TM Complexes

A comparison of 10Dq values, obtained from a best fit to DFT SD [10Dq(DFT)] en-
ergies with KS-LF orbital energy differences [10Dq(KS)=¢,, €., in T4] leads to the
following result: 10Dq(DFT) is accurately approximated (within an error of less
than 2%!) by 10Dq(KS). The reason for this is as follows; using the theory developed
by Slater [17] we can expand the total energy (E)in a series of occupation number
changes around the energy of a reference configuration which we denote by <E) :

(E) = <E>0 + Z (,) (aE/ani)Odni + (1/2) Z Z (i,j) (azE/anianj)Odnidnj
(12)

Following Janack’s [18] theorem, the derivative (OE/0n;), equals the energy of the
KS orbital i, ¢;. This theorem is intrinsic of DFT; it is valid as long as the exchange-
correlation potential V¢ equals (0Exc[p]/9dp), the functional derivative of the
exchange-correlation energy, Exc vs the density p. The second derivative
(0°E/0n;0n;), of the total energy vs the occupation of KS orbitals i and j can be
identified with the Coulomb interaction energy between electrons occupying i
and j, Gy; and similarly Gy;55,=(0°E/9n;(;)?),.. Considering a tetrahedral d* com-
plex, we start from a e*>t,° configuration as reference one (n.°=4/5, n,,°=6/5);
with dn °=6/5, dn,,°=-6/5 (ground state occupation leading to the energy (E),, )
and with dn.°=+1/5, dn,,°=-1/5 (excited state occupation leading to the energy
(E) x.st.) We obtain after substitution in Eq. (12):

(E) gt = (6/5)€, = (6/5) €, + (6/5)* [(1/2) G, + (1/12) Gy — Gia, ) (13)
(EY ext = (1/5)€, = (1/5) € + (1/5)? [(1/2) G + (1/2)Gpapy — Go]

This yields for the energy of the e—t, electronic transition, (AE, Tq)e—t,:
(AE,Tp) e = t, = (g5 - £&) - (7/5) [(1/2) G, + (1/2) G5, - G1e] (14)

Numerical calculations show that G, G;,, and Gy, are very close in energy such
that the second term in Eq. (14) vanishes to a good approximation. We have ob-
served that for the d*?, d*® and d® configurations in T4 and O}, geometries, the
10Dq parameters obtained by least squares is approximately equal to the differ-
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ence between the corresponding KS orbital energies. This result enables us to ap-
proximate the h,, LF matrix in making use of the five KS orbitals with dominant
metal character and effective Hamiltonian theory [19]. That is, we can extract
from the matrix of the average-of-configuration (AOC) KS orbitals a 5x5 matrix
containing the MO coefficients of the d-functions corresponding to the five MOs
with dominant metal character. Let us denote this matrix by U and the diagonal
matrix containing the energy of the ligand field levels (obtained in the fitting pro-
cedure) by A. From there we can generate an effective LF Hamiltonian. We in-
troduce the overlap matrix S (Eq. 15):

S =Uu’ (15)

One can easily find $*/ using the following recipe and get eigenvalues A (di-
agonal) and eigenvectors (in columns) Uy matrices. $"/? is then given by
Eq.(16). As has been shown by Des Cloizeaux [20] the effective LF matrix h={h,}
(a,b run over the five d-orbitals) is given by Eq. (17):

§-0/2 = U, A;0PUT (16)

h = §-DUYAUTS-(/2) (17)
The effective d-eigenvectors given by the columns of matrix C (Eq. 18):

c=5U2y (18)

can be used to express each SD energy in terms of the parameters B and C yield-
ing linear equations for these parameters similar to Eq. (9). Let us denote KS spin-
orbitals by x;0; (0;=a,) and eigenvalues by ;. The energy of SD=|(x;0;)(x;0;)| is
given by

where, again, an arbitrary energy is introduced and handled as described earlier.
Taking the expression for x;; (Eq. 20) and substituting into Eq. (19) we obtain a
linear equation for B and C (Eq. 21); here f; and y; are calculated according
Eq. (22), using c,; coefficients and the f,,,), and y,, as defined by the two-elec-
tron integrals for pure d-orbitals (see Appendix):

Xi() = 2 i)y (20)
E(SDy) - ey - € - &= B;(k) B+ y;(k)C (21)
ﬁl](k) = Zy Zv ZA ZQ C‘uinjCMij ()Bywlg + 601’0j18/4vg)l) (22)

Yi(k) = 2, 20 24 2o €4i€4i€2iCoi (Vunto t Ooicj Vivor)

The 5x5 h,, matrix and the parameters B and C have been given as input para-
meters for our favourite LF program. In a conventional LF treatment the h,, LF
matrix is constructed within the AOM specifying AOM parameters and angular
geometries. The present approach allows one to circumvent such a procedure,
which becomes rather complex and unsolvable without access to spectra in high-
resolution or in complexes requiring consideration of a high number of AOM pa-
rameters and/or more than one ligand.
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Finally, we notice that the theory developed here is not restricted to mononu-
clear complexes. A case study of the electronic properties of extended clusters in
spinels including Mn'Y and mixed valence Mn''/Mn™ demonstrated the utility of
the approach for polynuclear complexes as well [21]. In addition, introducing low
symmetry and spin-orbit coupling will allow one to study the effect of fine-struc-
ture tensors in EPR and MCD thus extending the applicability of the approach to
metal-sites in enzymes and bio-molecules. Such studies are in progress.

2.4
A Hybrid LFDFT Model for Cubic Symmetry (HLFDFT)

Going to the parameterization of interelectronic repulsion integrals in cubic sym-
metry in terms of the Griffith’s parameters g;(i=1 to 10) [12] (Table 1) we note the
SD energies depend only upon 9 of them (g;, has no influence on the SD ener-
gies, it appears only in off-diagonal matrix element between SD). Moreover, if we
consider both the electrostatic and the ligand field contributions to the SD en-
ergies, it turns out that the latter one parallels exactly the contribution inherent
to g, (g,=(06|60) parallels €.) and to g,(g,=(£&| £&) parallels €,), the rank of the
A matrix (Eq. 9) being 9 instead of 11 ( g,-g, €. and ¢,). That is, the two column
vectors corresponding to the ligand field (g, and ¢,) are simultaneously in the
range of the subspace spanned by the electrostatic part (g, and g;). Carrying out
a rank analysis of the A matrix along with a singular value decomposition indi-
cate that two additional g-parameters, g; and g, cannot be determined simply by
the fitting procedure described in the two previous sections. Thus, we turn to
DFT to estimate g, and g, (Egs. 23 and 24) independently:

&1 = Uggge = (0?Eldnd), = (3¢,/9n,), (23a)
g1=A,+4B,+3C, (23b)
87 = Ugeee = (0*Eldng), = (9¢,/9ng), (24a)
g, =A,+ 4B, + 3C, (24b)

and to introduce them as constants into our least square model. The value of the
parameter g;, which we need in order to set up the CI problem will be approxi-
mated using Eq. (25) and the B value from our LFDFT calculations:

8= -2V3B (25)

Thus, we end up with a hybrid model (HLFDFT) which utilizes information from
DFT allowing to fix the parameters g;, g;and g,.

Accounting for the cubic symmetry of the parameters of G we also arrive at an
interpretation of 10Dq (HLFDFT) as one electron parameter, which is not the
case for 10Dq (LFDFT) in the LFDFT model, where it is a measure for the energy
difference between *T,and *A, (for cubic d?) system and is thus to be interpreted
as a many electron quantity. Calculations show that 10Dq (HLFDFT) is by 1-2%
larger than 10Dq (LFDEFT). It follows that the treatment of 10Dq(LFDFT) as a
one-electron quantity (as is done in classical LF theory) is still a good approxi-
mation.
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2.5
Computational Details

All DFT calculations have been performed using the ADF program package [22].
The approximate SCF KS one-electron equations are solved by employing an ex-
pansion of the molecular orbitals in a basis set of Slater-type orbitals (STO). All
atoms were described through triple-g STO basis sets given in the program data-
base (basis set IV) and the core-orbitals up to 3p for the TM and up to 1 s (for
O,N, G, F),2p (Cl), 3d (Br) and 4d (I) were kept frozen. In order to study the sen-
sitivity of our results with respect to the adopted functionals we used the local
density approximation (LDA), where exchange-correlation potential and ener-
gies have been computed according to the Vosko, Wilk and Nusair’s (VWN) [23]
parameterization of the electron gas data. We also checked gradient corrected
functionals. Within the generalized gradient approximation (GGA) we decided
to apply the Becke-Perdew (BP) functional, which uses Becke’s gradient correc-
tion to the local expression of the exchange energy [24] and Perdew’s gradient
correction to the local expression of the correlation energy [25].

It is known for complexes possessing a high negative charge, such as CrO,*,
that geometry optimisations using the GGA usually lead to metal-ligand distances
which are too large compared to experiment [26]. In such cases we confined our
analysis to LDA functionals only. For the neutral CrX, (X=F Cl, Br,I) clusters, how-
ever, both LDA and GGA have been used and comparable results were obtained.
SCF calculations for all d" ions, assuming an n/5 occupancy, converged in all cases
except for CrO,* and MnO,*". In the latter clusters a “ghost” a, orbital dominated
by a metal s-orbital was found to be located above the ligand valence-band edge,
but lower in energy than the metal d-orbitals. Convergence is only achieved in
these cases by preventing electrons to populate that orbital. The population of the
“ghost” a, orbital is directly related to the basis set superposition error (BSSE) al-
lowing diffuse ligand orbitals to be described through a diffuse metal s function.
As has been shown in [27] removing this diffuse metal s-function leads to a better
description for ionic systems with highly negative charges: the ghost orbital dis-
appears and the description of the d-d transitions is improved.

Multiplet energies in complexes of cubic (and also lower symmetry, see
earlier) have been calculated utilizing the program package AOMX [28]. At the
input we define the LF matrix, B and C as given by our LFDFT procedure, at the
output all multiplet energies and symmetries can be obtained. In addition, lig-
and field parameter values from a fit to experimental LF transition have been cal-
culated, to be compared with those from our DFT analysis.

3
Applications of the Theory

3.1
Tetrahedral d? Oxoanions of Cr', Mn", Fe"' and CrX, (X=F-, CI-, Br-, I)

Tetrahedral d? complexes possess a *A,(e?) ground state and 3A,—°T, and
3A,—°T, e—t, singly excited states. They give rise to broad d-d transitions in the
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optical spectra. In addition, spin-flip transitions within the e? configuration lead
to sharp line excitations. Multiplet energies from LDA agree within 2,000 cm™!
with experimental data (Table 4) supposed that use is made of experimental
rather than of LDA optimised M-O bond lengths. In particular the *°A,—*T, tran-
sition energy and thus 10Dq nicely agrees with experiment. LDA optimised M-
O bond lengths are larger than the experimental values. This becomes increas-
ingly pronounced with increasing anionic charge from FeO,> (0.02 A) MnO,*
(0.05 A) and CrO,* (0.1 A). This is reflected in the values of 10Dq which are dis-
tinctly smaller than 10Dq from experiment (by 1680, 680 and 1600 cm™, respec-
tively). B and C parameters from DFT (LDA) are by 20-35% smaller than those
deduced from a fit to observed LF transitions. Thus the >A,—T, and the spin-for-
bidden 3A,—!E, A, transitions, being sensitive to B and C, respectively, are un-
derestimated by DFT (LDA) by 15-20%.

In order to study the effect of the adopted functional we calculated multiplet
energies of CrX, (X=F-, Cl, Br,I") (Table 5). On going from the LDA to the gra-
dient corrected GGA we get a lengthening of the geometry optimised Cr-X bond
distances accompanied with a decrease of the value of 10Dq. On the other hand
the value of B increases by 15-20% going from the LDA to the GGA functional.

In order to study the effect of the R;—T4 symmetry lowering on U, 4, we plot-
ted in Fig. 2 transition energies for CrO,* resulting from the LFDFT and HLFDFT
models. An inspection of Table 2 shows that the >A,—*T, energy depends on g; in
the HLFDFT model as different to LFDFT where it is identical to 10Dq. It is seen
from Fig. 2 that upon symmetry lowering from R; to T, interelectronic repulsion
(IR) terms lead to a positive contributions to the *A,—’T, energy. As expected,
based on the 20Dq dependence of the 3A,(e?)—>°T,(t,?) transition its energy is
affected even stronger by this effect. Accounting for the symmetry lowering of the

Fig. 2 Transition energies of 22000 4 E (in em™)
CrO4* (d?) calculated using
LFDFT, HLEDFT and taken

; : 20000 | T, —
from experiment-averaging
over the split components P
18000 | '
r e,
16000 |- T,
14000 | ]
12000 |
5 €y aeneyE o 10D
10000 L _— g8, gy By 10U
o, A .
8000 b .o T
cogvent.  Griffi Experiment
L odel

LFDFT HLFDFT
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IR terms also leads to an increase of the *>A,—'E and *A,—'A, energies. This im-
proves the agreement between theory and experiment for the latter transition.
Similar observations have been made also for the MnO,*- and FeO,>" ions.

3.2
Low-Symmetry Distortions: Cr0,* (C,) and Mn0>-(D,,)

As follows from reported spectra, CrO,* and MnO,*- chromophores in Cr'Y and
MnY doped Ca,GeO, (olivine) [29] and Sr,VO,CI (spodiosite) [30] host lattices
deviate significantly from the cubic geometry. The CrO,* spectra are consistent
with a trigonal distortion superimposed by a symmetry lowering to C,, while
MnO,* presents a D,y compressed tetrahedron. In the analysis of spectra in high
resolution it was assumed that Cr'V [29] and Mn" [30] adopt the geometries of
the host sites which is expected for the 3A, orbitally non-degenerate ground state.
The GeO,* host site possesses a trigonal distortion with O,-Ge-O,, angles which
are by 6.2° larger and O,¢-Ge-O,bond angles which are by 6.8° smaller than the
tetrahedral angle (109.47°). A C, distortion finally leads to O.,-Ge-O,, angles of
115.9%2,115.3x1 and Oeq-Ge:Oeq of 101.8%2,104.3°. Ge-Q bond distances are not
altered much (Ge-O,, 1.748 A Ge-O, 1.785x2,1.777x1 A). The VO, tetrahedra
in Sr,VO,Cl shows a tetragonal compression by 3.7° [30].

LDA energies of electronic transitions calculated adopting these geometries
are plotted in Figs. 3 and 4 for CrO,* and MnO,*, respectively. In these figures
we compare our results with calculations where we approximated the geometry
as tetrahedral and with calculations where we use the AOM with LF parameters
fitted to the experimental spectra [29]. Concerning CrO,* both the DFT and the

Fig. 3 DFT treatment of low- [, (in
symmetry splitting for the

CrO,*, effect of angular dis-

tortion Cs, + C, (host lattice

in CaGeO,: Cr*"). The experi-

mental data come from the 20000
work of Giidel et al. [29]

15000

10000

b D _o7F AN

T,DFT C{(DFT) Fitto Experiment
5000 L experiment
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Fig. 4 DFT treatment of low- E (in cm'l)
symmetry splitting, example
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Chem Phys 202, 155; 4 exper-
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Chem 8:1021; Milstein JB, "Tl e . !

Ackerman J, Holt SL, McGar- RO —————
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J Chem Phys 100:8656 I ——
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AOM treatments lead to splitting pattern which are very similar and compare
reasonable with experiment. The C, splitting manifested in the spectrum is some-
what larger compared to that calculated using LFDFT and the fit of the transition
energies from experiment using the AOM yields a similar result. Possibly, when
entering the Ca,GeO, host, Cr** leads to slight modification of the host site geom-
etry. A good agreement between calculated and experimental transition energies
is also obtained for MnO,*~ (Fig.4). We can conclude that the LFDFT model sup-
plemented with a low-symmetric LF-Hamiltonian constructed following the
recipes given earlier can properly account for the low-symmetric spectral pat-
terns.

33
Octahedral Cr'"' d° and Co" d’ Complexes

In Tables 6 and 7 we list multiplet energies for the CrXs*~ (X=F-, Cl, Br,CN-) and
d” CoX¢* (X=F-, Cl, Br-) complexes. We use a LDA functional and optimised
Cr'-X and Co"-X bond lengths and compare these results with energies from an
LF calculation utilizing values of B, C and 10Dq obtained from a best fit to the
spectra. In lines with our results from earlier, LDA bonds lengths are too long
while values of 10Dq are too small compared to experiment. The situation im-
proves again (see above) if instead of optimised, experimental bond lengths are
taken for the calculation (see CoCls*~ in Table 7). Even in this case, spin-forbid-
den transitions come out by 3000-4000 cm™! too low in energy compared to ex-
periment. For the Cr(CN)¢*- we note an LDA value of 10Dq which is by 4000 cm™!
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higher than the experimental one. This is unusual and not expected: calculated
and experimental Cr-C bond distances are indeed very close. LDA and GGA func-
tionals fail to describe multiplet energies in CoX,*~ (X=Cl, Br- and I"), however.
For these complexes with a *A, ground state spin-forbidden transitions deviate
from reported experimental energies by about 6000 cm™, a result due to a dras-
tic lowering of the B and C energies. We can conclude that for the latter systems
existing DFT functionals do not perform properly. In addition standard devia-
tions comparing DFT and LFDFT numerical values are too high. We stimulate
more work to improve this.

34
Octahedral Mn"' d* and Co'"' and Fe'' d® Complexes

Mn(CN)g’" is a low-spin complex with a °T; , ground state. The LDA optimised
bond distance (1.99 A) matches perfectly the experimental one (1.98 A [32]) and
calculated multiplet energies agree reasonably with the experimental spectrum
(Table 8) - the highest deviation (2400 cm™!) being met for the 3T1g—>1A1g tran-
sition. Multiplet energies of the low-spin d® complexes Fe(CN)4* and Co(CN)4*-
possessing a 'A;, ground state calculated using LDA optimised bond lengths
(Fe-C 1.930 A and Co-C 1.899 A) are listed in Table 9. Owing to the overestimate
of the 10Dq value by 1740 and 2230 for the Fe and Co complex respectively, DFT
energies of 'A;,—'T,,, 'T,, transition are higher in energy than the experimen-
tal values, values of B from DFT and experiment being very close in these com-
plexes. Differences in the C parameter are just the opposite — they would lead to

Table 8 Theoretical and experimental electronic transition energies of the low-spin Mn(CN)4*-
octahedral d* complex.Theoretical values are obtained using geometries from a LDA geome-
try optimization utilizing values of B, C and 10Dq resulting from least square fit to the energies
of Slater determinants constructed from 2 t, gz-“élegl-6 SCF Kohn-Sham orbitals. Best fit B, C and
10Dq parameters from experimental transition energies are also included

Electronic state LDA LF-fit Exp.
Ty 0 0

T, g 6796 7948 7984*
1Eg 7242 8710 8710?
1A, g 16,028 18,519 18,470
5Eg 20,013 20,699 20,700*
3Eg 31,746 34,326

5T, s 32,354 34,966

3T, g 32,935 35,713

3A, g 33,453 36,761

’A, g 34,591 38,130

3Eg 35,499 39,630

B 444 630

C 2361 2598

10Dq 34,085 36,900

StDev 0.082

2 Mukherjee RK, Chowdhury M (1975) Chem Phys Lett 34:178.
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Table 9 Theoretical and experimental electronic transition energies of low-spin Fe(CN)4* and
Co(CN)¢* octahedral d® complexes. Theoretical values are obtained using geometries from a
LDA geometry optimization utilizing values of B, C and 10Dq resulting from least square fit to
the energies of Slater determinants constructed from 2 t, ;**4e,>* SCF Kohn-Sham orbitals. Best
fit B, C and 10Dq parameters from experimental transition energies are also included

Electronic ~ Fe(CN)g* Co(CN)¢*-
state
LDA LE-fit  Exp. LDA LE-fit  Exp.
1A, 0 0 0 0
3T, g 28,516 23,698 23,7002 29,845 25,969 25,969%
Sng 31,669 26,664 - 32,721 29276 -
T, g 33,499 30,969 30,9702 35,107 32,500 32,5002
T, g 39,842 37,001 37,000% 40,900 39,194 39,200?
5T, g 50,080 38,067 52,577 43,240
3T, g 62,079 54,723 65,030 58,538
3T, g 62,543 55,010 65,391 58,948
3Eg 63,939 56,352 66,667 60,430
B 427 411 387 456
C 2420 3566 2573 3184
10Dq 35,421 33,678 37,180 34,944
StDev 0.082 0.112 -

2 Alexander JJ, Gray HB (1968) ] Am Chem Soc 90:4260.

lowering of energies of spin-forbidden transition. However this is overcompen-
sated by the larger DFT value of the parameter 10Dq.

In Fig. 5 we compare our results for Co(CN)¢*- with transition energies using
a time-depending DFT (TDDFT) calculation performed using the same basis
functions and a LDA functional. The comparison with experimental transition
energies show the better performance of our approach: thus while °T,, and *T,
are nearly accidentally degenerate at the TDDFT level, they are split in our treat-
ment and the °T,, approaches closer to the energy of the 'A,,—°T,, transition in
the spectrum. The difference in the two treatments is possibly due to the neglect
of double excitation in TDDFT, as different to our approach which takes full ac-
count of them.

3.5
Applications to Tetrahedral d* MnCl,>~ and FeCl,'~ Complexes

In the discussions thus far we have noted, that because B and C deduced using
DFT data are smaller than parameters from a direct fit to experiment, electronic
transitions with change of the spin are calculated at lower energies than experi-
ment. In this respect high-spin d° complexes with tetrahedral geometry and a °A,;
ground state, such as MnCl,*~ and FeCl,", provide a stringent test of the ability of
the up-to-date functionals to calculate multiplet structures for such cases. In
Table 10 we list such energies and compare them with experiment and with en-
ergies using a direct fit of B, C and 10Dq to experiment. We base our treatment
on LDA optimised Mn-CI (2.385 A) and Fe-Cl (2.207 A) bond distances. For both
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Fig. 5 Comparison between

transition energies calcu- 42000

lated using TD-DFT with
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Table 10 Theoretical and experimental electronic transition energies of high-spin tetrahedral
(MnCl,* and FeCl,"") d° complexes. Theoretical values are obtained using geometries from a
LDA geometry optimization utilizing values of B, C and 10Dq resulting from least square fit to
the energies of Slater determinants constructed from 2 t,*4e? SCF Kohn-Sham orbitals. Best fit
B, C and 10Dq parameters from experimental transition energies are also included

Electronic ~ MnCl* FeCl -
state

LDA LE-fit Exp. LDA LE-fit Exp.
6A, 0 0 0 0
4T, 15,253 20,954 21,250° 8875 14,835 15,600°
4T, 16,720 21,720 22,235 11,060 16,836 16,300
‘A, *E 17,175 21,975 23,0200 12,940 18,230 18,800°
T, 20,359 25,198 26,080° 14,554 20,271 20,100°
‘E 21,011 25,587 26,7100 15,705 21,366 22,4000
T, 21,922 28,051 27,7700 18,436 25,114
‘A, 28,429 34,883 33,300° 21,276 29,106
4T, 28,638 34,998 34,5000 22,255 29,774
T, 29,536 35,514 36,650° 24,307 32,917
B 548 516 395 448
C 2339 3363 1798 a
10Dq 3298 2661 5395 5320
StDev 0.061 - 0.051

2 Calculated using a C/B ratio of 6.14.

b Taken from Lever ABP (1984) Inorganic electronic spectroscopy 2nd edn. Elsevier, p 450.
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systems we obtain the remarkable result that all transitions match nicely the ob-
served transition energies provided a shift of about 6000 cm™ to higher energies
is taken into account. The origin of this correction is possibly due to the fact that
DFT leads to lower values in particular of the parameter C (see above).

3.6
Performance of the Existing Functionals Interpreting and Predicting LF Spectra
of TM Complexes

We can state that, with the exception of CN complexes where 10Dq (LFDFT)
values are higher than experimental, up-to-date LDA and GGA functionals are
accurate enough in calculating ligand field matrix elements (h,,) not only for
cubic but also for complexes with lower symmetries. This is not the case for B and
C.In Table 11 we collected DFT (LDA) values of B and C of different complexes.
For the sake of comparison we also list values of B and C deduced using a fit to
LF transitions from experiment. When comparing the two sets of data one should
be cautious, because experimental uncertainties prevent an accurate fit of B and
C in many cases. In spite of this, we note that the DFT B and C values are sys-
tematically lower that experimental ones. Thus in tetra-oxo anions of Cr!V, Mn"
and FeV! experimental values of B exceed DFT ones by a factor of 1.24 to 1.50 for
B and by a smaller but mostly larger than 1 factor for C. A drastic deterioration

Table 11 Values of B and C for various tetrahedral and octahedral complexes, deduced from
a fit to DFT energies of all SD and from a fit to experimental ligand field spectra. Recommended
scaling factors, needed to adjust the values of B and C from DFT calculations to the ones de-
duced from experiment are also included

Complex Fit to DFT® Fit to well Scaling factor
documented LF
spectra
NiCl,? d® B C 452 2315 825 3032 1.825 1.310
CrO> d B C 436 2250 555 2331 1.300 1.025
MnO,- d2 B C 347 1928 430 2600 1.239 1.343
FeQ > d? B C 242 1637 375 1388 1.550 0.844
CrCl, d? B C 355 1903 376 1579 1.059 0.830
CrFg- a3 B C 605 2694 734 3492 1.213 1.296
CrClg*- & B C 484 2403 550 3450 1.136 1.436
CrBrg® d? B C 427 2395 543 3296 1.272 1.376
Cr(CN)¢>- d? B C 452 1919 554 2559 1.226 1.334
Mn(CN)¢s-d* B C 444 2361 630 2598 1.419 1.100
Co(CN)¢*- d¢ B C 387 2573 456 3184 1.178 1.237
CoCl > d7 B C 460 2339 710 2776 1.543 1.187
CoBr, d’ B C 427 2218 695 2717 1.628 1.225
Col &7 B C 379 2113 665 2600 1.755 1.230
CoClgt d7 B C 548 2436 795 3108 1.45 1.276
CoBrgt d’ B C 460 2371 808 3159 1.756 1.332
MnCl,~ &° B C 548 2339 516 3363 0.942 1.438

2 Calculations are based on LDA optimized DFT geometries for complexes.
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of this comparison appears for NiCl, -, CoX,?", CoX¢* (X=Cl, Br-, 1) complexes,
showing, for complexes of the late TM ions, that both LDA and also GGA do not
perform well.

One can propose further work introducing elaborate functionals, which are
better suited for LF spectroscopic purposes. Alternatively, one can propose a
recipe within the existing functionals introducing scaling factors - those listed
in Table 11, which improve the agreement between the DFT theory and experi-
ment.

Finally, our LEDFT allows to calculate multiplet energies in TM complexes,
similar to the empirical CI-DFT procedure described by Grimme [2]. In this ap-
proach, KS potential and energies have been used to approximate the exact CI
Hamiltonian by introducing scaling factors, thus avoiding double counting of
electron correlation in the off-diagonal CI matrix elements. Though principally
able to treat open-shell TM complexes as well, the method has been applied thus
far only to closed shell ground state systems.

4
Conclusions and Outlook

We have developed a DFT based LF model which utilizes SD energies in order to
determine ligand field parameters from first principles. The formalism has been
implemented using the following recipe:

1. Make a geometry choice; for neutral complexes we recommend a GGA geom-
etry optimisation. For complexes with negative charges use of experimental
bond lengths or LDA geometry optimisation is preferable.

2. Construct KS-LF orbitals with the average of configuration (AOC) providing
n/5 occupancy of each d-MO for a TM with a d" configuration.

3. Calculate the set of all SD energies using these orbitals without allowing for
orbital relaxation (no SCF iteration).

4. Determine B,C and the 5x5 LF matrix h,, from these data.

5. Introduce these parameters into a favourite LF-program which allows full CI
and use of symmetry to get all multiplet energies.

The rather consistent fit for cubic symmetry reproducing the total manifold of
symmetry independent SD shows that DFT and LF theory are compatible. A the-
oretical justification (analysis) of this result is still lacking (but see the discussion
in [15]). Comparing LF parameters deduced from DFT calculations with those re-
sulting from fit to experimental spectra in high resolution, we can conclude that
existing functionals are able to describe properly not only cubic but also low-
symmetric ligand fields. In contrast parameters of interelectronic repulsion are
calculated systematically smaller than values from spectral data. Similar obser-
vations have been reported by Solomon et al. [33]. We can use these results in or-
der to motivate further work aimed at developing functionals and/or basis sets
for spectroscopic purposes. Alternatively, scaling factors have been proposed for
B and C to improve the agreement between DFT and experiment.

The formalism is equally suited to extend the treatment to TM complexes in-
cluding more than one TM and spin-orbit coupling. Thus fine structure tensors
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in EPR and data from MCD can become good candidates for further applications
using this approach. Work in this direction is in progress.

Acknowledgements This study was supported by the Swiss National Science Foundation. We owe
thanks Dr T. Mineva and Prof. Dr. N. Neshev Bulgarian Academy of Sciences (Sofia, Bulgaria) for
valuable discussions.

5
Appendix

Two-electron integrals _”a(1)b(2)(1/r12)c(1)d(2)d11d12 of Coulomb interactions
for d-electrons in the spherical (A,B,C) and cubic approximation are of interest.
The relationship between the notations of Griffith for cubic symmetry (a to j) and
g, to g, (this work) are included:

a(l) b(2) (1) d(1) A,B,C itoj g1 to g
4 g g g A+4B+3C A g
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n 13 n § A-2B+C B 8
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For calculation of low-symmetric LF matrices we take the ion CrO,*" as given
in the Cr!V doped into the C, distorted tetrahedral site of the Ca,GeO, host lat-
tice [31]. With the xy plane coinciding the C; plane, the d,,, d,_y5,d,, and d,,,d,,
transforming as the A” and A” representations, respectively we get from the DFT
output the following U and A (in eV) matrices written in the specified order of
atomic 3d basis functions:

U A
d, ~0.570 0374  0.616 20.116 0 0
AN dy, 0354 -0713 0.244 0 21.032 0
o ~0.661 0.082 -0.667 0 0 21.304
(A1)
d, 0622 0.712 20.125 0
A” d, 0710 -0.619 0 21.265

yZ
In Eq. (A1) we list the relation of the C, split a” and a” KS-orbitals with the cor-

responding parent e and t, ones. Applying Eqgs. (15-17) we obtain the following
off-diagonal LF h(A’) and h(A”) matrices:

dzZ dx2—y2 dxy
20.817 -0.166 -0.512

h(A) = 0166 20915 -0.297
-0.512 -0.297 20.720 (A2)
dxz dyz
h(A”)= 20.772 -0.565
-0.565 20.617
6
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Abstract Changes undergone by optical and magnetic properties of Oy, T4 and Dy, Transition
metal (TM) complexes induced by variations of the metal-ligand distance, R, are explored in this
work. In parallel, the corresponding variations experienced by the chemical bonding in the com-
plex are analysed in detail. Particular attention is addressed to TM complexes associated with
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results show that charge transfer (CT) transitions experience a blue shift when R decreases. This
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nique it is pointed out that the equatorial distance of an elongated Dy, CuCl* unit can increase
when a hydrostatic pressure is applied. Electronic relaxation in the excited state is shown to play
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p-admixture the former is shown to be much more sensitive to R variations than the latter. As
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sensitivity of the cubic field splitting parameter,10Dq, to changes of R.
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List of Abbreviations

ADF Amsterdam density functional code
CF Crystal-field
CT Charge transfer

CASPT2 Complete active space perturbation theory order 2
DFT Density functional theory

Ecr Energy of the first dipole allowed charge transfer transition
ENDOR Electron nuclear double resonance
EPR Electron paramagnetic resonance

EXAFS Extended X-ray absorption fine structure
HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
MSXo  Multiple scattering Xa

SCCEH  Self-consistent charge extended Hiickel
™ Transition metal

vuv Visible ultraviolet

1
Introduction

Since the work by Alfred Werner [1] the properties of an MLy complex, formed
by a transition metal (TM) cation, M, and N ligands, L, are known to depend not
only on the metal oxidation state but also on the number N and geometrical
arrangement of ligands. As these molecules usually exhibit an open shell elec-
tronic structure they are of interest not only in chemistry but also in other do-
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mains like biology, condensed matter physics or material sciences. In fact, TM
complexes are involved in some active sites of proteins or enzymes [2, 3] while
devices like solid state lasers are often based on TM impurities doped insulating
materials [4, 5]. The attractive electronic properties associated with substitutional
TM impurities in insulators can often be understood to a great extent only on
the basis of a MLy molecule (formed by the TM impurity M and the N nearest
anions) which is however not isolated but embedded in a host lattice [6, 7]. This
situation is no longer true when vibrational properties are involved [8].

The advent in 1926 of fundamental laws governing the microscopic world
made possible to improve our understanding of optical and magnetic properties
due to TM complexes and their relation to the nature and geometry displayed
by ligands. In a first step, ligands were taken as punctual charges leading to the
so-called Crystal-Field (CF) model [1,7,9]. Through this crude approximation it
was however possible to explain, at least qualitatively, relevant facts such as: 1) the
blue colour of Cu(H,0)¢>" units [1,9] as a result of the cubic field splitting, 10Dg,
between e, (~3z’-r% x’-y?) and t,, (~Xy; Xz; yz) antibonding orbitals; 2) the shift
with respect to g,=2.0023 (corresponding to a free electron) of the gyromagnetic
factor, g, measured [10] for TM complexes through Electron Paramagnetic Res-
onance (EPR).

Despite these facts it was recognised early on that CF model was unable to
account for other relevant experimental facts. For instance, in optical absorption
spectra of TM complexes, apart from to the d-d or CF transitions, intense Charge
Transfer (CT) transitions are often observed in the visible-ultraviolet region [1,
9, 11-14]. On the other hand, the observation of hyperfine interaction with lig-
ands (called superhyperfine) in EPR spectra of TM complexes [10, 15] cannot be
accounted for through the simple CF description. Moreover, the CF model was
shown to be quantitatively wrong as, for instance, it leads to 10Dq values much
smaller than experimental ones [1, 6, 7]. This situation was shown to be largely
improved considering a TM complex as a molecule and thus treating the ligands
on the same footing as the central cation. Within a Molecular Orbital (MO) de-
scription of a TM complex it was possible to relate the superhyperfine constants
measured by EPR to the covalency in the MXy complex [10, 15], and this quan-
tity to the energy of the first CT transition, Ecr. Moreover, Jorgensen demon-
strated [11,12] that, for a given geometry and cation, E¢; is basically governed by
the electronegativity of ligand atoms. This simple rule has played a key role in the
identification of CT transitions due to TM impurities and also to less common
impurities such as Ag® or TI>* [16].

It was also noted by Jergensen [1, 11] that the reduction experienced by Racah
parameters, B and C, on passing from free M species to the MLy complex basi-
cally reflects the partial transfer of electronic charge from d-orbitals of central
cation to ligands. These ideas have been corroborated by subsequent theoretical
calculations [17-32], which started in the pioneering work, by Sugano and Shul-
man [6].

In the present work, focused on electronic properties of TM complexes, par-
ticular attention is paid to explore the variations undergone by optical and mag-
netic parameters when the metal-ligand distances, termed as R; (i=1,2,...,N), are
varied. Such distances can be modified through an external applied pressure.
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When the complex is embedded in a host lattice such distances can also be mod-
ified by placing the complex in another lattice which, though similar, can exert a
different chemical pressure upon the complex. So, the metal ligand distance and
electronic properties of the MnFg*- complex placed in two different cubic lattices
like KMgF; and CsCaF; are not the same [8].

The main reasons for the present research are the following:

1. If metal-ligand distances of a given MLy complex are changed by a hydrosta-
tic or chemical pressure their optical and magnetic properties do also change
as they depend on the equilibrium R; values.

2. Variations of impurity-ligand distances can be well monitored through opti-
cal, magnetic or vibrational parameters, which are strongly dependent upon
metal-ligand distances [33-40]. This crucial task cannot be carried out by
means of standard diffraction methods when impurities are involved. In the
case of EXAFs technique impurity concentrations higher than ~1% are often
required and thus truly diluted solutions cannot be explored. Moreover,
the uncertainty on distances obtained in EXAFS is higher than 1 pm and then
effects of pressure lower than about 5 GPa can hardly be detected through this
technique [41].

3. The present work helps one to gain a better insight into the relation between
macroscopic properties and fine details of chemical bonding between metal
and ligands.

4. Let us denote by E(R;) the energy of an electronic transition keeping frozen
the nuclei at R;. Once this E(R;) dependence is known it is also possible to
get an additional information on coupling constants with local vibrational
modes of the complex and thus on dynamic quantities like the associated
bandwidth observed in absorption or emission, Stokes shift or Huang-Rhys
factors [42,43].

In addition to compare reliable theoretical results to experimental ones partic-
ular attention will be paid to clarify the main cause responsible for a given phe-
nomenon. For achieving this goal examples given in this work will involve model
systems where the symmetry of the complex is preferentially high (Oy, T4 or Dyy,)
and ligands are simple anions like F-, Cl- or O%".

Along this work emphasis is put on the sensitivity of CF and CT transitions of
octahedral complexes to variations of the metal-ligand distance, R. As a salient
feature the actual origin of the strong dependence of 10Dq upon R [33,35-40] is
analysed showing that it is the result of a subtle phenomenon related to chemi-
cal bonding.

2
Transition Metal Impurities in Insulators:
Do They Actually Form a Complex?

Due to the lack of translational symmetry a basic understanding of properties
due to a TM impurity embedded in a crystalline lattice is, in principle, more
difficult to achieve than in the case of a pure compound. Despite this fact the elec-
tronic properties of a TM impurity, M, in an insulating lattice (where electrons are
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localised in the ground state [44]) can often (but not always) be accounted for
only through the MLy molecule involving the N nearest anions around M. This
important simplification is favoured by the following conditions.

2.1
Electron Localisation

Active electrons coming from the m impurity should be localised in the volume
corresponding to the MLy molecule, its presence in further domains of crystal
lattice being fully negligible. This condition is favoured by increasing the host
lattice band gap and the separation between the HOMO level, associated with
the impurity, and the bottom of the conduction band. These requirements are
fulfilled, for instance, in the case of divalent TM impurities (Ni**, Mn?*, V?*) in
cubic fluoroperovskites. By contrast, for substitutional silver atoms (5s! config-
uration) at cationic positions (Ag.) in KCl the stability is due to a huge (~20%)
outwards relaxation of first Cl~ anions which locates the a,,* level (mainly 5s
character) just below the conduction band [45]. According to this fact it has also
been detected [46] unpaired electron density onto K* ions belonging to the sec-
ond and fourth shell of Ag *:KCI. Along this line an electron centre detected in the
less ionic AgCl has a radius of ~15 A [47] and thus a character more comparable
to the highly delocalised shallow impurities in semiconductors whose band gap
is smaller than about 1 eV [48].

In some cases the electron localisation in the complex region is helped by a de-
coupling of the complex from the rest of the host lattice. This can arise in a lat-
tice like NaCl when an M?* impurity replaces the monovalent Na* ion and the
charge compensation is remote. If the ionic radius of M2* is smaller than ~1 A the
Na*—M?* substitution would lead to an inwards relaxation of ligand shell, while
the electric field created by the positive charge excess avoids the approaching of
close Na* ions. This effect has recently been found in the study of NaCl doped
with a divalent impurity [49].

2.2
Electrostatic Field Due to the Rest of Lattice lons on the Complex

If we want to interpret the optical transitions arising from an M impurity in a
host lattice in terms of the MLy molecule it is also necessary that the electric field
created by the host lattice ions lying outside the complex upon the electrons in the
complex is zero. Let us consider (Fig. 1) the case of the cubic fluoroperovskite
KMgF; where a few Mg?* ions have been substituted by a divalent TM impurity,
like Ni?* or Mn?*, leading to the formation of MF¢* complexes (M: divalent
cation) embedded in the host lattice. The rest of the lattice thus possesses a total
charge equal to 4e displaying cubic symmetry. If the density associated with this
charge is assumed, in a first step, to display spherical instead of cubic symmetry
the electrostatic potential, Vy, coming from the rest of the lattice ions should
be perfectly flat in the complex region. It was firstly remarked by Sugano and
Shulman [6] (Fig. 1) that the actual Vy potential on a MF*- complex formed in
the cubic KMgF; lattice is very flat indeed.
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Fig. 1 a The substitutional Mn?* impurity in KMgF;. b Representation of the electrostatic po-
tential due to the rest of the lattice, Vi (r), for the MnF4* complex embedded in KMgF;. Results
are shown for r along <100> and <111> type directions

In some cases this potential is far from being flat inside the complex and then
it is necessary to consider it for a satisfactory explanation of optical transitions
associated with the impurity [23,50]. A good example of this situation concerns
the CuX,(NHj;),2” complex (X=Cl, Br) formed [51] in lattices like NH,Cl, CsCl or
NH,Br (Fig. 2). In these cases Cu** is not located replacing the host cation but
interstitially in the middle of a <100> face and thus the local symmetry around
Cu?* is markedly tetragonal. The associated Vi potential (Fig. 2) reduces the
separation between the n; p levels of the halide (n; =3 for Cl and n; =4 for Br) and
the 2p levels of nitrogen in NH; [50]. This fact allows one to explain the CT spec-
trum [51] of CuBr,(NH;),>” where the energy of the first Br-——Cu?* transition is
measured to be only 6000 cm™! higher than the corresponding to the NH; ligand.
If Vi were fully flat in the complex region one would expect [50] that such a dif-
ference is about 15,000 cm™! in view of the different optical electronegativity, X,
displayed [11, 12] by bromine (x;=2.8) and NH; (x;=3.3).

55 ——cu-cl
o |-=--CuN ]
65} ra ]
> -75} = 1
2 =
2 3
Woest ]
-95 L
a 1 2 3
b R (Angstroms)

Fig. 2 a The substitutional CuCl,(NH;)?~ complex formed inside a CsCl-type lattice. Cu** does
not replace the host lattice cation but it is located interstitially. b Picture of Vy(r) for the
CuCl,(NH;)* complex embedded in NH,CL. The origin is taken at Cu?* ion. Results are shown
for r along Cu-Cl and Cu-N directions
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3
Energy of the One Electron Levels of Octahedral Transition
Metal Complexes

3.1
Simple Analysis

Valence one-electron levels of a MLy complex can be described to a good extent
on the basis of valence levels of involved M and L species. If M is a 3d ion and L
a simple ligand like a halide or O*" the relevant levels are 3d, 4s and 4p of central
ion and n;p and n;s of ligand ions, where n; denotes the ligand valence shell. It
is worth noting that the separation between n;p and n;s levels of species like F~
is much higher [52-54] than that for monovalent or tetravalent atoms like Li or
C (Table 1). For instance the energy difference between 2p and 2s levels is equal
to 1.85 eV and 4.5 eV for Li and C, respectively, while it amounts to about 23 eV
for fluorine. The last figure already suggests that the admixture of 2s(F) orbitals
in valence orbitals of a complex like NiF¢*~ will be much smaller than that com-
ing from 2p(F) orbitals.

In an octahedral MX, complex the wavefunctions associated with the anti-
bonding e," levels can shortly be described by

|e§§ 0) = ae|322 - r2> - ﬂeplXp9> - ﬁelew}
|e*; €)= aelxz _y2> - ﬂepIX;n)_ ﬁeless>

where | x,> OF | x,» mean symmetry adapted linear combination of n;p and n;s
ligand orbitals respectively [7, 9]. The n;s admixture into the antibonding t,,"
level is however symmetry forbidden and thus a 3d electron can spend some time
only on the n;p ligand orbitals. The wavefunction associated with the | £, xy)
orbital can shortly be written as

(1

|35 x> = & [x7) = Bl Xpwy) )

It is worth noting that the admixture of the metal 4s orbital into e,” and t,," wave-
functions is also not permitted by symmetry if the complex is perfectly octa-
hedral. Under a perturbation of Dy, symmetry an octahedral e, level is however

Table 1 Energy difference, €(n;p)-€(n;s), between the valence n; p and n;s levels for several free
atoms and ions derived from experimental data [52] and theoretical calculations [53]. Results
are given in eV

Species e(n p)-€(ngs) Species e(n;p)-€(ngs)
Li 1.85 F 22.9
Be 2.75 F- 24.3
C 4.5 Cl 15.4
10.3 Cl- 15.9

N
(¢} 16.7 Br 14.6
S 12.0 Br- 14.9
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split into b,;~x*-y* and a,;~3z’-r* and thus the 4s hybridisation becomes allowed
in the latter orbital. This hybridisation plays a key role for understanding hy-
perfine constants of distorted MLs; complexes containing unpaired electrons in
a; orbitals [49].

Due to the covalency reflected in Eq. (1) unpaired electrons coming from the
metal M spend some time on ligand orbitals. At the same time the opposite sit-
uation happens in bonding counterpart orbitals leading to a net flow of electronic
charge from ligands to central cation. This fact ultimately reflects the closed shell
structure of simple ligands like F~, Cl” or I" and makes that the total charge, qy;
on central ion is smaller than its nominal charge, zy;.

In the ground state of a ML, complex let us consider a mainly d-orbital trans-
forming like the y irreducible representation of Oy. The associated one electron
energy, £4(Y), can be accounted for in a simple view through the three following
steps [24], described in Fig. 3.

In a first step a free M ion, but with a fractional charge qy is considered. The
properties of this entity, though artificial can be obtained in the framework of DFT
and also through interpolation of experimental results reached for free ions with
different z,, values. By both procedures it is thus possible to get the one electron
energy, €4(qy), as a function of qy. In the same way €,(q; ) can be obtained, where
€,(q;) means the energy of a valence p electron of a ligand with a total charge q;.
If the complex is highly ionic then qy=z,:. As an example, for MnF¢* qy=1.75 (tak-
ing the proton charge as unity) leading to €4(qy)=-27.5 eV and €,(q; )=—4 eV. Thus
in this first step d-orbitals lie well below n; p orbitals of ligands.

In a second step the electrons on the central cation with charge q,; are con-
sidered to undergo only the influence of the electrostatic field created by ligands
taken as punctual charges. Thus in this step an admixture like that of Eq. (1) is
not yet allowed. Calling Uy, the associated potential energy, €4(y) can be approx-
imated by

g:(y) = €4(qy) + Uy (3)
eg*
4 :
SML(eg*) , tlg* )";".‘
Fen(thg™)

m p,
iU .
E M E nl pc
a5
Free ion (qy,) '
n s

Fig. 3 Pictorial description of three steps described in Sect. 3.1
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where Uy, for an octahedral complex, is given by [7, 9]

Uy=U, + U, (4)
with
U, = -6q,€*/R (5)
7
U,=--~ nqLeZ r[04 ¥

R (6)

0, = P {YD +/5; [Yi+ Y]}
U, is the main term and U, comes out because of the non-punctual character
of the d-electron. If q;=-1 and R=2.12 A then U;=40.7 eV, thus leading to an
important energy raising of d-electrons with respect to the free ion situation. As

to the energy of an n; p ligand electron under the electrostatic field created by the
metal M and the rest of ligands, it can be approximated by

&) =¢(q) + U, (7)
U, = - (qu + 3.33q;) €%/R (8)

For qy=2 and q;=-1,R=2.12 A then U;=9 eV. Thus, at this level of approximation,
the 3d levels of MnF¢*" are already placed above the 2p levels of F-.

The U, contribution in Eq. (3) is sensitive to cubic symmetry and thus it dif-
fers between y=e, and y=t,,. The corresponding splitting, called 10Dg, obtained
through the present approximation is given by [7, 9]

_5 lal et
3 R’

This expression is just obtained in CF framework but fails to explain ex-
perimental 10Dq values. For instance, for the CrCls*~ complex Eq. (8) leads to
a value 10Dq=650 cm™! using R=2.4 A and <r*>=3.4 au for free Cr** [55]. The
comparison with the experimental value for CrClg*- (10Dq=13,000 cm™! [56])
clearly indicates that Eq. (8) is unable to explain the separation between the en-
ergies of e, and t,,” orbitals. It also suggests that 10Dq does reflect the different
chemical bonding in e, and t,," orbitals as first pointed out by Sugano and
Shulman [6].

In a third step the admixture of central cation d-orbitals with n;p and n; s lig-
and orbitals is finally allowed. This leads to the formation of antibonding orbitals
(where unpaired electrons coming from free metal ion are located) described by
Eq. (1) as well as of bonding counterparts. In the case of an antibonding level the
3d-n;p hybridisation leads to a supplementary increase of the one electron energy
(termed €y (y)) which is strongly dependent upon the character (o or m) of the
level. An additional contribution coming from the 3d-n; s hybridisation has to be
considered for antibonding o orbitals. Therefore £4(y) can be written as a sum of
three contributions:

10Dq )

8

£1(y) = €3(qu) + Uy + &30 (¥) (10)
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In a calculation of an ML ; complex in vacuo, carried out at a metal-ligand dis-
tance R, g4(y) and the q; and q; charges are determined. Then the g (y) contri-
bution, which directly reflects chemical bonding, can be estimated by means of
Egs. (3), (4), (5) and (10). For MnF¢* in vacuo at R=2.12 A it is found that
qQu=1.75,€4°(qp)=-27.5 eV and U,=38.3 eV while the obtained values of sML(eg*)
and g (t,,') are equal to 1.14 and 0.29 eV, respectively.

3.2
Dependence on the Metal-Ligand Distance

The analysis carried out in the preceding section is useful for explaining the vari-
ations undergone by the energy of one-electron levels of MX; units when R is
changed. Theoretical results for significant one-electron levels of the ground state
of MnF*~ are collected in Fig. 4, where R is varied in the 2.0-2.2 pm range. Three
different methods have been employed for this purpose. In addition to the R
dependence exhibited by antibonding e,” and t,," orbitals, results obtained for the
t;,(mr) ligand level are also given in that figure. The t;, (1) level has a higher energy
than the other t,, level, denoted as t,,(0), mainly built from n, p, ligand orbitals.
Looking at Fig. 4 it can be noted that the energy of e," and t,," orbitals is much
more sensitive to R variations than that for the t;,(m) level. The energy of both
eg* and tzg* antibonding orbitals as well as the separation between them, 10Dq, is
found to increase when R decreases. These trends are qualitatively reproduced by
the three employed methods.

Searching to explain the R dependence of 4(e,") we have first explored the
variations undergone by the three contributions €4(qy), Uy and gy (e;) de-
scribed in Sect. 3.1. Results obtained for the SCCEH calculations on MnF¢* when
R varies in the 2.0-2.2 A range are collected in Fig. 5. In this range the Mulliken
charge on metal is found to vary slightly from qy=1.75 to qy=1.65. Accordingly
€4(qu) varies from -27.5 eV to -26.7 eV. By contrast the electrostatic contribution,
Uy undergoes a much bigger variation of about 4 eV. This variation is certainly
higher than that experienced by the gy;(e,) contribution in the same range

& . ‘ _ i 22
] I '»::M_LN 4
a2 ] 14 | == |
3 3 by =
° i — - a9 )
5 g 16
5. g —— ADF
lﬁ I.I=.I -=- MS-Xdf
-20 t, (n+o) iy -18 o e e |
_..-/_._,_ i t. (r+0) T T
3 e e -20 ’
T W TR 206 21 214 218 222

Fig. 4a,b Dependence of the one-electron energy of three valence orbitals of the octahedral
MnF¢* complex upon the metal-ligand distance, R: a results have been derived by means of
SCCEH calculations; b results have been obtained using MSXa and the ADF code [57] in the
framework of DFT
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Relative energy (eV)

R(A)

Fig. 5 Relative variation of the one-electron energy of the e,* level, e(e,*), for the octahedral
MnF¢* complex calculated using the SCCEH method when R varies in the 2.0-2.2 & range.
These variations are compared to those undergone by Uy, £4° and €y quantities defined in
Sect. 3.1

(0.6 V) and thus it is the main responsible for the increase of both g4(e, ") and
gq(ty, ) quantities when the metal hgand distance is reduced. Similar trends are
found for MnClg* when R varies in the 2.52-2.68 A range. At R=2.52 A SCCEH
calculations give qM—l 50 while qy=1.52 at R=2.68 A. On passing from R=2.68 A
toR=2.52 A g4(e, ) and Uy are found to increase 2.03 eV and 1.78 eV respectively
while gy (e,") increases only 0.22 eV.

4
Pressure Influence on Charge Transfer Transitions

Electric dipole allowed CT transitions are mainly responsible for the polaris-
ability and Raman response of simple complexes [29]. Moreover, they play a key
role for explaining the gyromagnetic factor of complexes with high covalency
[58-60]. Despite these facts CT transitions have received less attention than the
d-d transitions. In particular few studies on the sensitivity of CT transitions to
changes of R have been performed. Results obtained in this domain show how-
ever that CT transitions could be more sensitive than d-d transitions to changes
of metal ligand distances. In this sense variations of metal ligand distances down
to ~0.1 pm can be detected through the corresponding variation of maxima of a
CT band [20, 50, 51].

4.1
Systems with Equivalent Ligands

4.1.1
Results for 0,, T, and Square Planar Complexes

Let us first discuss available experimental results on complexes where all ligands
are equivalent and thus only one metal-ligand distance, R, is involved. In Table 2
are gathered experimental CT maxima for two compounds [61] containing
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Table 2 Experimental values (in cm™) of allowed CT transitions [61] corresponding to
(creat),CuCly (first row) and (N-mpH),CuCl, (second row) compounds containing the square-
planar CuCl* unit. The metal ligand distance, R, of the CuCl,>~ complex is however different
in both compounds being equal to 225 pm for (creat),CuCl, and 226.5 for (N-mpH),CuCl,. As
both systems display a small orthorhombicity the reported R value (in pm) corresponds to an
average distance. Calculated MSX« values of transitions for a CuCl,?> unit in vacuo [20] are
given for comparison

R e, (m)—by," ey(0)—by,’

Experimental Xa Experimental Xa
225 27,150 28,870 38,100 40,250
226.5 26,050 28,870 37,700 39,040

CuCl,> units which are practically square planar and where the unpaired elec-
tron is placed in the b;,’~x*~y* level in the ground state. The experimental R dis-
tance for CuCl,*” in (N-mpH),CuCl, and (creat),CuCl, compounds is however not
the same but there is a difference of 1.5 pm [61]. On passing from the former
system to the latter one allowed CT maxima experience a blue shift close to
1000 cm™. This important variation was ascribed simply to the change under-
gone by R of the CuCl,?~ unit and is supported [20] by theoretical MSXa results
on CuCl,*" in vacuo performed at different R values. From this analysis it turns
out that 0E./0R=-600 cm~!/pm for this complex.

Information on the R dependence of CT bands can also be extracted from ex-
perimental results on T1** in different alkali halides [62] leading to the formation
of octahedral TIL¢* units (L=Cl, Br, I). In the ground state of these complexes
there is an unpaired electron placed in the antibonding a,," level coming from the
atomic 6s level of free TI**. Experimental data [62] for the E; value corre-
sponding to KL:TI>* and RbL:TI** (L=Cl, Br, I) are shown in Table 3. It can be
noted that there is a blue shift of E.; on passing from RbCL:TI>* to KCL:T1?*. A sim-
ilar situation holds for the bromine complex. This blue shift can also be inter-
preted [63] as being due to a reduction of R, which is expected to happen when
RbCl is replaced as host lattice by KCl with a smaller lattice parameter. Calcu-
lations based on the Density Functional Theory (DFT) performed on RbCL:TI?*
and KCL:TI** lead in fact to a small variation AR=-2 pm on passing from the
former to the latter system [64]. Therefore the 1350 cm™ blue shift of E¢p
observed when RbCl is replaced by KCI can be understood through
OE1/0R=-650 cm™!/pm for TICls*. MSX« calculations for this complex (Table 4)
lead to 0E¢/0R=-530 cm™!/pm. Though 0E./dR for T1** complexes is found to
be always negative |0E-;/0R| decreases along the ligand series Cl-Br—I. As
shown in Table 4 the calculated 0E./0R=-300 cm™/pm for Tl *- by means of
MSXa method is substantially smaller than the figure dE.;/0R=-530 cm™/pm
derived for TICls*. This result thus explains why on passing from RbX:TI** to
KX:TI** (X:Cl; I) the increase experienced by E¢p is smaller when iodine is in-
volved as ligand than when it is chlorine (Table 3).

Representative values of OE.1/0R calculated for a variety of TM complexes dis-
playing octahedral or tetrahedral symmetry are also shown in Table 4. As a salient
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Table 3 Experimental energy, Ecr, corresponding to the first CT transition, tlu(n)—>a1g*(6 s),of
octahedral TIX¢* units (X=Cl, Br and I) placed in KX and RbX hostlattices. As effects due to
spinorbit splitting are seen in experiments the figures reported in this Table refer to the cen-
tre of the gravity. Experimental values of E¢y (in cm™ units) are taken from [62]

Host lattice TICl* TIBrg* TII*
KX 27,700 21,910 14,170
RbX 26,350 21,267 13,900

Table 4 Calculated values of the energy, Ec, (corresponding to the first CT transition) and
OEc1/0R for representative octahedral and tetrahedral complexes. Ecr is given in cm™ and
OE¢1/0R in cm™!/pm. Typical equilibrium distances, R, are in pm. Ec; usually corresponds to
the lowest allowed CT transition with the exception of the FeO,* complex where the lowest is
the t,—e” transition. In this case however t;—t," is found to lie only 3000 cm™' above

Complex Method R. Transition Ecr OE.r/0R Reference
TICL* MSXa 2.8 t(m—>a, 26300  -530 [63]

TIBrg* MSXa 3.0 tu(m)—a,,” 16,500 -400 [63]

TIL - MSXa 325 tu(moa, 11700 -300 [63]

CrE> ADF 190 t,(m-se, 62,000  -1200 [29]

CrF¢*- MSXa 1.90 tlu(T[)—>eg* 68,000 -1600 [65]

CrClg*- MSXa 2.40 tiu(m)—e,” 34,000 -720 Present work
CrBrg*- MSXa 2.55 tiu(m)—e,” 27,100 -520 Present work
Cro,*- ADF 176 t—ot, 39,500  -900 [31]

FeO,> ADF 165  t—ot, 24,400  -700 [31]

feature, the sign of dE1/dR is found to be always negative. This result implies that
for Oy, and T, complexes Eqr should experience a blue shift under an applied pres-
sure. In fact, as a consequence of the second principle of thermodynamics [66]
an applied pressure always leads to the reduction of the molecule volume. For Oy,
and T4 complexes this implies necessarily a diminution of the R value.

Similar to the results reached for TI**complexes, those on Cr** reveal that
|0Ecr/OR| decreases along the ligand series F—Cl—Br. Table 4 also offers the
comparison between two T4 complexes with oxygen as ligand and d? central
cations (Cr** and Fe®*) displaying a different nominal charge. It can be noted that
|0Ec1/9R| is calculated to be smaller for the FeO,*~ complex where covalency is
expected to be higher. The higher covalency in FeO,2 is well confirmed [31, 67]
by the diminution of E.; on passing from CrO,* to FeO,* (cf. Table 4).

4.1.2
Simple Explanation of Trends

Let us consider a basically ionic complex and assume in a crude step that in a
y1—Y CT jump E¢r can be approximated as follows:

Ecr=¢,(y) - & (y1) = € (qu) - €} (q1) + Uy = UL + . (y) (11)
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where q=z);. Bearing in mind the analysis carried out in Sect. 3.2, one is tempted
to attribute the R dependence of E.; basically to the (Uy-U;) contribution in
Eq. (11). The calculation of d(Uy-U;)/0R is simple leading to

o (Uy - UL)/aRI—(QZ/RZ) [qM_I’qu] (12)

where p=2.67,2.16 and 2.086 for octahedral, tetrahedral and square-planar com-
plexes, respectively. As for TM complexes with halides or oxygen as ligands q; <0
and gy >0 then 8(Uy-U,)/9R should always be negative in agreement with results
gathered in Table 4. Taking qu=3, q;=-1 and R=1.9 A it is found that
9(Up-U)/0R=-1,820 cm~!/pm. Therefore, this result is not far from the calcu-
lated OE¢/0R value for CrFg*~ (Table 4) despite the approximation involved in
Eq. (11). When the electron in the y orbital spends a significant part of the time
on ligands, Egs. (11) and (12) have to be modified [31] in order to include only
the electron fraction that has been moved from ligands to the central cation in a
y1—Y CT jump. Therefore, in this situation 0E./0R can be approximated by

OEcr /R = -a? (e2/R?) [qu - pqy] (13)

where o, as shown in Eq. (1), is the electron fraction residing on metal in the y or-
bital. Thus, in comparison with what is expected for an ionic complex, Eq. (13) in-
dicates that covalency reduces the value of 0E-;/0R. As an example 0E.;/0R for
FeO,* would be equal to -4400 cm™!/pm if that complex were ionic. Due to strong
covalency qy is reduced from 6 to 1.5 and &*=0.5 [31]. By means of these values and
Eq. (13) the computed 0E;/0R=-700 cm~'/pm value (Table 4) can be understood.
Also the higher value of 9E./dR for CrO,* in comparison with that for FeO,?" can
be explained as being due to the smaller covalency of the former complex where
a*=0.8 [31]. Moreover, the diminution of 9E./0R for a given TM cation and sym-
metry along the ligand series F—Cl—Br (Table 4) can qualitatively be explained
through the increase of covalency and the parallel increase of R.

413
Electronic Relaxation in Charge Transfer States

Let us consider a mainly ionic complex. The simple expression at Eq. (11) gives
Ecr as the difference e4(Y)-¢,(y;) where the two involved orbitals correspond to
the ground state of the complex. This is certainly a crude approximation as in an
ionic complex a y; —y jump would in principle lead to a total charge on the metal
which is not zy; but (z)—1). If there is some covalency qy; should be replaced by
[qu—(o;)?] (where a; (i=e, 1) is defined in Eq. 1) assuming that all orbitals are kept
frozen in the y;—y jump. It should be mentioned that y; orbitals involved in al-
lowed CT transitions usually display a non bonding character [11-14] and thus
the electron is localised on ligands to a good extent.

Once the electron flows from ligands to central cation however, a hole is left
on the y; ligand orbital lying below mainly d-orbitals. Thus, the energy of the CT
state induced by the y;—y jump can decrease through a relaxation of electronic
orbitals favouring a transfer of electronic charge from metal to ligands. This
process cannot occur in the ground state of complexes with ligands such as F~or
Cl" as they have a closed shell structure and are not able to accept additional elec-
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tronic charge from central cation. Back bonding effects can however appear in the
ground state of complexes where ligands are molecules and whose LUMO orbital
lies close to the HOMO orbital.

Electronic relaxation in CT excited states was firstly investigated by Ziegler et
al. [18] and subsequently by other workers [28, 29, 31, 68]. As a salient feature it
is found that the charge on central cation is often close to that of the ground state
of the complex once relaxation of electronic orbitals comes out.

Let us take as a guide the case of the FeO,2 complex whose ground state be-
longs to the (e*T)? configuration and has a spin S=1. DFT calculations lead to
qu=1.35 for the ground state. After an electric dipole allowed t, T—t,"T jump a CT
state is formed characterised by a t,1)2 (1,12 (1) (1, T)! configuration and
S=1. If the energy and qy, for this excited state are calculated keeping frozen
the orbitals of the ground state it is found qy=0.88 and E;=43,000 cm~'. When
relaxation of electronic orbitals is allowed to come it is however found that qy, is
equal to the ground state value and E. decreases down to 24,000 cm™'.

The flow of 0.5e from metal to ligands in the electronic relaxation process how-
ever involves small changes in the e and t,” antibonding orbitals as well as in the
e and t, bonding counterparts. Let us take for simplicity f,=B.=p. The meaning of
B, and B, symbols is the same as described in Egs. (1) and (2) for Oy, complexes.
For the present discussion the small 2s(O) admixture in the t," orbital of FeO >
can be discarded. Let us neglect in a first approximation overlap integrals like
(x| Xpx, | involved in the [t",;xy) orbital defined in Eq. (2). In the ground state the
electronic charge lying on metal coming from e*and e orbitals is equal to -2(1-p2)
and -4p? respectively, while that arising from t, amounts to -6p2 Thus the total
electronic charge on iron due to electrons in valence orbitals is —(2+8(32) and the
total charge on metal is q=8-(2+8B?)=6-8p2 In the (t,;J)? (t, )2 (e"T)? (t,"T)! CT
state the total charge on metal, qy(ex), is however equal to 5-7(B.,)% In the unre-
laxed excited state B..=p and thus a flow of 0.5e is consistent with ?~0.6 under-
lining the big covalency in the FeO,* complex. When electronic relaxation comes
out qy(ex) can be equal to the ground state charge, qy, if only p2-(f.,)*=0.06. DFT
calculations [31] for FeO,*~ give (B.,)?=0.45 while $?=0.53.It is worth noting that
the present mechanism needs of some ground state covalency as it requires
(Be)*<P?and (B.,)*>0. In the case of the more ionic CrF>~ complex the recovery
of electronic charge in the first CT state is found to be not so perfect [29] as in the
more covalent FeO,2" unit. DFT calculations indicate that after electronic relax-
ation in CT state is allowed qy—qy(ex)=0.2. Calculations carried out on MnF4*
and MnCl¢* also lead to qy—qy(ex)=0.2 for both complexes.

4.1.4
Ligand Substitution: Jorgensen Rule

A central question in the realm of TM complexes is the effect of ligand substitution
upon E¢r. The empirical but quite useful rule established by Jergensen [11,12,69]
says that when in an MLy complex the ligand L is substituted by another one L" the
variation undergone by E.r, called AE.r, can simply be approximated by

AEcr=K{y (L) -x (L)} (14)
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Table 5 Estimated reductions of the Uy-U; contribution,
A(Uy-Uy), with respect to the MF4 complex, induced by the
F-—L’ (L’=CLBr,I) substitution if M is a divalent d ion and all
involved complexes are assumed to be ionic. The results, given
in 10° cm™! units, are compared to the corresponding varia-
tions, AEcr, undergone by Ecp given by Eq. (14). R=2.15 A has
been taken as typical value for a MF,; complex of a divalent
cation. The typical variations, AR, with respect to this value
producedby the F—L’ substitution arealso given in A

L cl- Br I-

AR 0.48 0.63 0.87
A(Uy-U)) -45 -57 -73
AE¢r -30 -36 -45

Here K=30,000 cm™! and x(L) and x(L’) are the optical electronegativities of L
and L’ species. In the case of ligands such as F~ or Cl~ optical electronegativities
coincide with Pauling electronegativities for fluorine or chlorine atoms. There-
fore, if an MCly complex has an optical absorption band whose maximum is red
shifted by about 6000 cm™! upon Cl-—Br~ substitution that band can be due to a
CT transition. Equation (14) has been used for identifying CT bands associated
with impurities such as Cu?*, Ni**, V* [13, 14] and also with less common ions
[16, 69, 70] such as T1**, or Ag’.

Some microscopic insight about Eq. (14) can be gained from the analysis car-
ried out in Sects. 4.1.2 and 4.1.3. The F~—L’ substitution (L’=CI, Br, I) in an MF;
complex keeping the same cation leads to a change of R according to the ionic
radius of L". This leads to a decrement of the Uy-U; contribution in Eq.(11) and
thus to a red shift of E¢r. If in a crude approximation all complexes are taken
as ionic, the variation experienced by the Uy-U; contribution as a result of
the F-—L’ substitution can easily be calculated. Results obtained for a diva-
lent TM cation are given in Table 5. It can be noted that the variations of Uy-Uy
along the series, termed A(Uy-Uy), follow the same trend that AEq; although
|A(Up-Uyp)|>|AEcr|. The last result can qualitatively be understood. In fact, a sub-
stitution like F~—CI- leads to a diminution of the U,~U; contribution and thus
to a smaller separation among d-orbitals of central cation and n; p ligand orbitals.
This enhances covalency and thus transfer of electronic charge from ligands to
metal which reduces gy and thus increases £,°(qy,). For instance calculations give
£4°(qu)=-27.5 and -26.0 eV for MnF¢*- and MnCl¢*", respectively. It is worth not-
ing that in CT states qy—-qu(ex)=0.2 for both MnFg*~ and MnClg* complexes, so
implying that the small reduction of metal charge on passing from the ground to
the relaxed CT state is the same for both systems.
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4.2
Systems with Inequivalent Ligands

4.2.1
Tetragonal Cu** Complexes

Let us first consider the CuClg*~ complex involved in pure compounds like
(C,H;sNH;),CuCl, or as impurity in lattices like CdCl,, NaCl or (C,h;NH;),CdCl,.
In these cases the six Cl- ligands of CuCl¢* are not equivalent. In fact, even in
NaCl:Cu?* where the host lattice is cubic CuClg* complexes display at low tem-
peratures a static tetragonal symmetry whose C, axis is one of the three <100>
directions of NaCL This static distortion comes from a strong Jahn-Teller effect
and random strains, which favour at a given region of the lattice one of the three
possible distortions [71]. Due to this fact the local symmetry around Cu** in
CuClg* units corresponds to an elongated octahedron with four equatorial Cl- at
a distance R,y and two axial Cl" at R,,>R... A compressed geometry with R,,<R.q
is less favourable than the elongated one once the anharmonic terms involved in
the distortion are taken into account [71,72].

For an elongated CuClg*" unit the unpaired electron lies in the by ~x2-y* level.
Typical equilibrium values are R.,=2.30 A and R,,=3.0 A [73]. As to observed CT
transitions they involve electron jumps from equatorial 3p(Cl) levels to b, ". Tran-
sitions coming from axial ligands are calculated to have smaller oscillator
strength [73]. An explanation of this relevant fact is given in [29, 73].

The first allowed CT transition from equatorial ligands, E.r, involves the e, ()
level of CuClg* and appears around 26,500 cm™ [13, 14, 75]. In principle the energy,
Ecy, of the e (m)—b,,” jump depends on R, and also on R,,. This dependence has
recently been explored by means of four different methods [76.] Main results are
gathered in Table 6.1t can be noticed that: i) the sign of both dE¢1/0R., and OE¢1/0R,,
around R.,=228 pm and R,,=297 pm is again negative although |0Ec1/dR,| is found
to be much higher than |0E/0R,,|; ii) both trends are qualitatively reproduced by
all methods employed; iii) the most powerful methods indicate that [0E.1/0R| is
practically ten times higher than |0E¢1/0R,,|. A similar situation is encountered in
the case of the e,(0)—b, transition which is observed at 36,000 cm™".

Table 6 Calculated values of derivatives OE.;/OR; (i=eq, ax) for the first CT transition
eu(m)=b,," (~x*-y?) observed for elongated CuClg* units, using four different theoretical
methods[76]: Self-consistent Charge Extended Hiickel (SCCEH), Complete Active Space Self
Consistent Field (CASPT2), DFT (ADF code) and Multiple Scattering Xot (MSXa). Calculations
have been performed around R.,=228 pm and R,,=297 pm. Results obtained for e ,(0)—b,,’
(~x?-y?) CT transition (whose energy is called E, (o)) are also reported. Values of 9E;/0R; and
OE,(0)/0R;are all given in cm™/pm

SCCEH MSXa CASPT2 ADF
OEc1/0R,q -435 -374 -256 -252
OEcr/OR,, -131 -52 -29 -15
JE,(0)/dR,, -470 -543 -425 -409

OE,(0)/3R,, -150 -67 -39 -20
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The big difference between |0Ecr/0Rg| and [0Ecr/OR,,| reflects that R,,=1.4 Rq
and the electron density in both b,,'~x*~y* and e, () orbitals is lying in the equa-
torial plane. Thus Ecr is found to be more sensitive to R, variations than to
changes of R,,.

4.2.2
Applications: Can a Metal-Ligand Distance of a CuX,Y, Complex Increase Under Pressure?

Theoretical results collected in Tables 2, 3,4 and 6 point out that CT transitions
due to a complex embedded in a lattice can be used for detecting variations
of metal-ligand distances caused by hydrostatic and chemical pressures. For a
typical bandwidth of ~1000 cm™! variations of the band maximum down to
~100 cm™ can be detected experimentally. This means that AR; changes down to
typically ~0.1 pm can be measured through E.; once 0E./0R; quantities are
known.

As afirst application of these ideas let us first comment on optical absorption
data from (C,H;NH;),CdCl,:Cu?* under hydrostatic pressures [76]. Surprisingly
such experimental results show that the first CT transition e,(7)—b,," associated
with the D, CuCls* complex experiences a red shift when pressure increases. In
particular E;=25,000 cm™ at ambient pressure while E;;=23,400 cm™' at
P=3.5 GPa. As discussed in Sect. 4.1, a red shift of Ec; under pressure can hardly
be expected for an octahedral TM complex. In the present case results given in
the preceding section for CuClg* indicate that a red shift of E; requires that one
of the two R and R,, distances increases when pressure increases. At the same
time the volume of the CuCls* unit must decrease upon pressure. Bearing in
mind that |0Ecr/OR.g|>>|0Ecr/OR,,| (Table 6) both conditions can however be
fulfilled and the 1400 cm™! red shift explained assuming that AR, ~-25 pm while
AR.=7 pm [76]. In other words, pressure in (C,H;NH;),CdCl,;:Cu** favours a
decrement of the tetragonality. It is worth noting that this relevant conclusion has
been derived simply from an analysis of changes undergone by the first CT tran-
sition upon pressure. For this goal small crystals of size ~100 pm with a Cu?* con-
centration of ~1000 ppm were employed in view of the high oscillator strength
(f~0.1) of allowed CT bands in comparison with that for CF transitions (f~10-%).
A similar conclusion has recently been derived for LaMnOj; under pressure [77].

CT transitions have been used for extracting valuable information on lattice re-
laxation around an impurity in other systems [51, 78]. As an example let us now
mention the case of NH,Cl containing the CuCl,(NH;),*” complex (Fig. 2). The first
CT transition of this complex involves an e (1) level mainly built from 3p orbitals
of equatorial Cl” ligands. In comparison with the room temperature situation the
lattice parameter of NH,Cl experiences at T=243 K an abrupt decrement of 0.4 pm
as a result of a structural phase transition. Nevertheless optical absorption data
reveal [78] that when this happens E; of the CuCl,(NH;),>” complex undergoes
a 600 cm™! red shift. According to the present discussion such a red shift was re-
lated to an increase of ~2 pm of the equatorial Cu-Cl distance. Additional Raman
spectra support this interpretation [78]. In fact when the structural phase transi-
tion comes out the frequency of the symmetric Cu - Cl vibration is shown to de-
crease 11 cm™ while that associated with NH; ligands increases 7 cm™.



Electronic Properties and Bonding in Transition Metal Complexes: Influence of Pressure 145

5
Transferred Electronic Charge: Pressure Dependence

Let us come back to three steps described in Sect. 3 which help to understand the
electronic structure of TM complexes. In the third step the admixture between
d-orbitals of central cation and n; p and n;s ligand orbitals is finally allowed. Due
to this admixture unpaired electrons also spend some time on n;p and n;s
orbitals of ligands. This electron sharing is experimentally well observed through
the superhyperfine interaction in EPR and ENDOR spectra of TM complexes
placed in diamagnetic host lattices [10, 15]. From the analysis of the experimen-
tal superhyperfine tensor reliable information on quantities like B, e or B
defined in Egs. (1) and (2) can be obtained. For the sake of clarity let us consider
Oy, complexes with unpaired e, electrons in the ground state such as MnFg*,
NiF¢* or FeFg’~. In these cases [34,79, 80] the isotropic superhyperfine constant,
A, is essentially proportional to (B)*. The anisotropic one, A,, for the two d°
complexes depends on both (B,)* and (f,)* while only on (B,,)* for NiF¢** com-
plex which does not have unpaired t,," electrons in the ground state [10].

Therefore, in the case of paramagnetic TM complexes the theoretically calcu-
lated covalency can be checked with data coming from the analysis of EPR
parameters [10, 24, 59, 80]. A relevant question in this domain is to know the
variations undergone by (B.,)% (B,)* and (B.)* in an O, complex when R is
changed. Results on this subject for a model complex like MnF¢*~ are given in the
next section.

5.1
Unpaired Charge Transferred to Valence n,p and n;s Orbitals of Ligands

In Fig. 6 the calculated R dependences of (B.;)* and (B.,)* are depicted for the
ground state of a MnF* complex in the 2 A<R<2.2 A range using two different
theoretical methods. It can first been noticed that the main trends obtained
through both methods are quite similar. As expected (B.,)* is found to be higher
than (B.,)? basically as a result of the ~23 eV separation between 2p and 2s lev-
els in both free F~ion and F atom (Table 1). In particular at R=2.15 A (B,)*/(B.;)*

Bos? (%)

3 - - 6,8 7 v 18
.. B2 (ADF)
2,6 162 o _ 8} N
| i:, S R {14 oy
2,2 1688 e Ve Byiwor) s
= s S
1,8 154 al B (MS/Xa) 1'°
I | Byt (MSXo) |
1,4 — 5 3 P 6
1,98 2,05 2,15 2,25 1,95 2,06 2,16 2,26
RA) R(A)
Fig. 6 Dependence of covalency parameters B.,> and f.% associated with the e, * orbital of the

octahedral MnF¢* complex, on the metal-ligand distance. Results derived using the SCCEH
method (left) and those obtained by means of MSXa and ADF calculations (right) are shown
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is found to be equal to ~3 for SCCEH and ADF calculations while equal to 1.6 in
the case of the MSXa. Usually the tiny (B)? quantity (whose experimental value
[81] is only around 1.5%) is overestimated in MSXa and DFT calculations [80].

Despite (B,,)*>>(B.;)* results collected in Fig. 6 reveal that (B,,)* is much less
R dependent than (f,)*. The slight R dependence of (f,,)* can appear in princi-
ple as a bit surprising. In fact, intuitively one can imagine that a reduction of R
increases significantly the overlap, S, between a metal wavefunction like |3z2-r?>
and the associated combination of 2p ligand orbitals, |x,e>, in Eq. (1). As (B.,)*
depends on S,* one then would expect a much stronger R dependence of (B.,)
than that portrayed in Fig. 6. Nevertheless (B.,)* not only depends on S,* but also
on the difference g4-¢, obtained after the two first steps. In second order [82] B,
can simply be written as

(322 - 1| h - €| Xpo)

ﬁep = (15)

&5 — Ep
Using now the Wolfsberg-Helmholz guess [83] the R dependence of B, is just
controlled by the ratio S,/(e4-€,) where €4-¢, determines Ecr. As discussed in
Sect.4,Ecr also increases when R decreases and thus cancels to a good extent the
effects due to S, alone. Writing S, e< R™"> and Ey o< R™T it is found that f~t-;=2.
A further discussion on this subject is given in [24, 80].

The great sensitivity to R variations experienced by (B.,)* comes essentially
from the big separation between n; p and n; s orbitals of simple ligands like F~,Cl~
or O? (Table 1). Qualitatively, one can expect a more internal character of the
n; s orbital in comparison with the n;p orbital. Thus if S;=<3z2-r?|x> and it is
written S; e R one expects that ¢,<t,. Theoretical values of t, for MnF4*" are
around 4. Similar to Eq. (15), B, can be approximated by

_B2-Plh-gly

Pu=—"""¢ (16)

and thus the R dependence of B, is determined by the ratio S,/(g4-€;). When R
is moved the relative variation of e4-¢; will be much smaller than that of e4-¢,,
because £4-£,<<g4-¢, and the change of both quantities is governed (Fig. 4) by the
variation undergone by €4. This explains basically [24] the big sensitivity of (f,)>
to R variations displayed in Fig. 6.

The trends collected in Fig. 6 basically account for the quite different R de-
pendence displayed by the superhyperfine constants, A, and A, coming from
complexes like MnF¢*~ [34, 81], NiF¢* [79], FeF*~ [81] or the square planar NiF,*-
unit [24, 84, 85]. For instance when the NiF,*~ complex is formed in the RbCaF;
lattice a value A;=150 MHz is measured through EPR while A,=42 MHz [85]. If
the same complex is formed in the K,MgF, it turns out that A;=198 MHz [84] im-
plying a significant 32% increase with respect to the value measured in RbCaF;.
By contrast the A, value for NiF,>~ in both lattices is found to be the same within
experimental uncertainties. This fact stresses that for NiF,>" (B,,) is nearly in-
dependent of R while (B,,) is proportional to R”7. Moreover as (Be,)*>>(.)* for
TM complexes with halides as ligands results in Fig. 6 explain that the total charge
on metal depends only slightly upon R.
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6
Dependence of 10Dq on the Metal-Ligand Distance

The separation between antibonding e” and t," orbitals in octahedral and tetra-
hedral TM complexes, called 10Dq, plays a key role for explaining the experi-
mental d-d transitions lying in the VUV range. A central question concerns the
sensitivity of 10Dq to variations of the metal-ligand distance, R, and its micro-
scopic origin.

6.1
Experimental Data and Theoretical Calculations

Early experiments on the optical absorption of NiO under pressure by Drickamer
[33, 86] already showed a strong R dependence of 10Dq upon R. Quantitatively,
experimental data were fitted to a law:

10Dg = KR™" (17)

where the exponent was found to be n=5. Subsequent experimental work on
other TM complexes showed that 10Dq is quite sensitive to R variations [35-40,
87]. For instance from absorption data under hydrostatic pressure on K,Na-
GaF:Cr’* a value n=4.5 was estimated for the CrF¢*~ complex [37]. Similar ex-
periments carried out on ruby, K,NaGaCls:Cr** and NH,MnCl; gave estimated
values of the exponent n in the range 5-6 [36, 38, 87]. The analysis of experi-
mental 10Dq values in RbMnF; and KMnF; as well as in cubic perovskites like
KMgF; or CsCaF; doped with Mn?* lead to n=4.7 for the MnF¢*" complex [35]. At
the same time it was also shown that 10Dq can be used for detecting R variations
down to ~0.2 pm produced by chemical or hydrostatic pressures [35, 39].

Although CF model predicts an exponent n=>5 it was also pointed out in Sect. 3
that such a model fails to explain the 10Dq value itself and thus the present agree-
ment has to be viewed as a fortuitous coincidence. Despite this big discrepancy
some workers are still using the CF model for explaining the variations of CF
transitions measured under pressure [56].

First SCCEH calculations by Axe and Burns on NiF¢*- and VF* [88] revealed
that an exponent n=5 is also obtained within a reliable MO framework where
10Dq values are found to be comparable to experimental ones. Subsequent theo-
retical calculations on TM complexes at different R values using several methods
(Hartree-Fock, MSXa, DFT, etc.) also lead to values of the exponent 7 in Eq. (17)
in the range 3.5-6 [22,29, 31,43, 80, 89-91]. Therefore, theoretical calculations of
TM complexes in the MO scheme appear to reproduce the strong R dependence
of 10Dq observed experimentally. Despite this overall agreement however it can-
not be concluded that the main cause responsible for the great sensitivity of 10Dq
to R variations is well understood.
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6.2
Microscopic Explanation: Role of Valence ns Orbitals of Ligands

According to the analysis carried out in Sect. 3, the separation between anti-
bonding e” and t,” orbitals essentially appears in the third step. In other words

10Dq = ey (€3) - &y (13) (18)

for an octahedral complex. Bearing in mind the partition scheme by Lowdin
[82,92] sML(eg*) and EML(tzg*) come from off-diagonal matrix elements of the one-
electron Hamiltonian like (32> - 7*| h| x> , (32> = 7*| h| xp0) OF <xy|h| ¥, respec-
tively. The same origin have quantities like By, B, or B, as pointed out in Egs. (15)
and (16). In a second order perturbation eML(eg*) and EML(tzg*) can simply be
written as

B2 -1 h- SlePe>2 32% - | h - &4 x:0)
+

Sd—SP E1— &

ey (ef) =

: (19)
(Xyl h - slepxy>

ey (B) = . .
d~ ¢p

Therefore, once the admixture between d-orbitals of metal and valence ligand or-
bitals is switched on the energy of t,, is raised due only to the interaction with
ligand wavefunctions like |x,,,» made of n;p orbitals. Nevertheless, as shown
in Fig. 3, the e, orbitals of the metal can interact with both n;p and nys ligand
orbitals. It would be quite interesting to elucidate the importance of each one
of two contributions to gy (e, ) involved in Eq. (19). This task is not easily done
experimentally but can be achieved through theoretical calculations where ligand
n; s orbitals can easily be removed from the basis set [93, 94]. Representative re-
sults for MnF*~ are collected in Table 7.

It can be seen that the suppression of n;s ligand orbitals from the basis set has
very little influence upon quantities like ([361,)2 or (B,)% Nevertheless the removal
of n;s ligand orbitals has an important effect on the 10Dq value and a dramatic
influence upon the exponent n in Eq. (17). A similar behaviour has been en-
countered for other complexes like CrL¢*~ (L=F, Cl), FeF¢*~ [80] or FeO,?~ [31]. The
surprising changes induced by the lack of a small bonding with n;s ligand or-
bitals can however be simply explained [93, 94] through Egs. (15), (16), (18) and
(19),and the results on the R dependence of (B.;,)? (B.,)* and (B,)* given in Fig. 6
and Table 7. The 10Dq value can be expressed as

10Dq = (gd - Ep) {ﬁezp - ﬂ%} + (Sd - gs) ﬁezs (20)

Therefore, though (B.,)*>>(B.;)* both contributions in Eq. (20) can be compara-
ble because g4-€,<<g4-¢,. For MnF¢* g4-€,=9 eV while g4-£~30 eV. Moreover,
Eq. (20), Fig. 6 and Table 7 reveal that the strong sensitivity to R variations comes
from the small n;s admixture in Eq. (1). In other words, the strong R dependence
of 10Dq and the EPR parameter, A, are both related microscopically to the great
sensitivity to R variations displayed by (B.,)? in Fig. 6. This analysis thus stresses
that fine details in the wavefunctions can play a key role for understanding rele-



Electronic Properties and Bonding in Transition Metal Complexes: Influence of Pressure 149

Table 7 Calculated values of 10Dq (in cm™), B, ;> and B (in %) for MnFg* at R=2.13 A us-
ing both MSXa (first row) and SCCEH (second row) methods [93]. In addition to results of a
normal calculation, those obtained removing the 2s(F)orbitals from the basis set (“restricted”
calculation) are also shown. Writing 10Dq e R™, 37, o< R, 3, o< R™"= and 8} e R™™, the cal-
culated exponents are also given

IODq [3652 [3e1:2 ﬁtz n Neg nep ny
Normal 7950 4.56 6.63 3.36 4.6 7.3 1.6 5.1

7140 1.86 7.47 4.16 6.1 7.7 0.2 2.2
Restricted 5060 - 8.49 3.08 0.3 - 2.8 5.7

2380 - 7.83 4.08 1.2 - 0.2 2.2

vant macroscopic properties. Moreover the present reasoning indicates that the
angular overlap model [9, 69, 95] is, in principle, not suitable for explaining the
R dependence of 10Dq or the covalency parameter (f,,)>. As pointed out in
Sect. 5, the variation of (f,)* due to R changes is controlled not only by the R de-
pendence of S,2 but also by that of (Ec;)~? which cannot be taken as a constant.

6.3
Consequences and Final Remarks

The small n;s admixture, S, in Eq. (1) also plays a role in explaining optical pa-
rameters like the bandwidth or the Stokes shift of transitions depending on 10Dq
[94]. A good example is the lowest CF transition of CrLs*~ complexes (L=F, Cl, Br)
involving a simple t,,'—e,” jump. In general, the equilibrium metal-ligand dis-
tance in an excited state, R, is different from that for the ground state, R,. When
an electron jumps from a m-orbital (like tzg*) to a o-orbital (like eg*) where anti-
bonding effects are stronger, the energy is lowered if R.,>R,. The R.,~R, differ-
ence is controlled by the Huang-Rhys parameter, S,, corresponding to the sym-
metric mode, A;. In the case of a CrLs>~ complex the relation between S, and
R.—R, for the first excited state is simply given by [42]

Sahi@ws = 3M @} (R, — Rp)? (21)

where M; denotes the ligand mass and w, is the angular frequency of the A,
mode. The value of S, for this transition is governed by (d10Dg/dR)?, the ex-
pression for S, being the following [37,43]:

Sahew, = n? (10Dg)?/ (12M R2w}) (22)

Considering only the coupling of an excited state to the symmetric mode it turns
out [42] that the bandwidth is proportional to VS, while the Stokes shift is given
by S,%w,. Bearing in mind the analysis carried out in Sect. 6.2 and the relation
Sye<n?(10Dq)?it is clear that S,, the bandwidth and the Stokes shift depend sig-
nificantly on the small 3d-n;s hybridisation in the e," orbital [94].

The present work has been devoted to discuss the changes undergone by elec-
tronic properties of TM complexes when metal-ligand distances are varied. Par-
ticular attention has been paid to explain the main features on simple grounds.
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Accurate quantum mechanical calculations are certainly necessary to improve
our knowledge on properties due to TM complexes. Despite this fact chemists
and physicists should not forget imagination and simple models which allow our
mind to understand truly the main reason for a given phenomenon. L. Pauling,
E.Wigner [96] and C.K. Jorgensen are good examples of this attitude.
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1
Introduction

For about 50 years [M(1°-CsH;5)(CO),], complexes (M=Fe, Ru, Os) have been at
the centre of interest from both theoretical and application aspects. The latter
prospect is connected with the development in activation of the C-H bond, which
is believed to involve an oxidative addition as the C-H breaking step, and may
be either thermal or photochemical. Moreover, the dimers may be considered
as cluster prototypes and their chemistry may provide insights into reactions
occurring at metal surfaces.

The theoretical interest in the [M(7°-CsH;5)(CO),], dimers concerns mostly
their versatile structures which entail varied thermal and photochemical behav-
iour [1, 2]. The versatility is reflected by the structural changes accompanying
crystal dissolution or a change of solvent [2]. The behaviour is dependent on
the central atom nature: the iron and ruthenium dimers crystallize mostly in the
bridged forms, [M(r>-CsH;)(#-CO)(CO)],, distinct from the osmium compound,
which forms only the non-bridged dimer. In solution, the Fe-dimer is present pre-
dominantly as the bridged form (>99%), whereas in the case of Ru-dimer both
bridged and non-bridged forms are in equilibrium, which is strongly affected by
many parameters, such as solvent polarity, temperature and pressure [3].

2
Molecular Structure

2.1
Experimental Data

The synthesis and infrared spectrum of [CpFe(CO),], (Cp=n-CsH;) (I) were
reported for the first time in 1955 [4]; analogous [CpRu(CO),], (II) and
[CpOs(CO),], complexes were described in 1962 [5, 6]. The X-ray and neutron
diffraction studies [7-9] showed that I has a centrosymmetric structure in the
solid phase with two bridging and two terminal carbonyl groups (trans-bridged
form). Low-temperature crystallization made possible isolation of the cis form
[10]. However, only the trans-bridged structure of crystalline II was detected by
the X-ray and neutron diffraction methods [11,12].

IR investigations of I and II in solutions showed that not only bridged but also
non-bridged forms are present [13-15]. Three forms of I in equilibrium were
detected in various solvents: trans-bridged, cis-bridged and non-bridged; the
last form in small amount. The ratio between the bridged forms depended on
the solvent polarity with the trans form predominating in non-polar and cis in
polar solvents [13]. The relative intensities of cis and trans forms were found
to be temperature independent, which led to the conclusion of equal formation
enthalpy for both forms.

IR spectra of the dissolved II were interpreted in terms of existence of four
forms: bridged and non-bridged, each of them in cis and trans conformations
[16]. Alternatively, the non-bridged form was considered as a conformational
intermediate between the cis and trans isomers. In solutions of II the non-bridged
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form appeared to be favoured by non-polar solvents, increased temperature
and decreased pressure [3]. From the temperature dependence of the UV/vis
and IR spectra the enthalpy AH of the bridged-[CpM(CO),],<>non-bridged-
[CpM(CO),], equilibrium was assessed to 6.3 kJ/mol for IT and 16.7 kJ/mol in the
case of I [3,17].

Many attempts have been made to compare the stability of two conformers of
the bridged form both in the solid phase and in solution. X-ray study of I together
with sublimation experiments and low-temperature crystallization led to con-
clusion that the cis form is thermodynamically less stable [7, 10]. 'H-NMR spec-
tra of I dissolved in C¢D4-CS, showed, however, that the cis-bridged isomer is by
4.2 kJ/mol more stable than the trans one, with the energy barrier of trans-
bridged-I<>non-bridged-I interconversion of about 54.3 kJ/mol [18]. The energy
barrier for cis-bridged-I<>trans-bridged-I isomerization in dichloromethane
was determined from temperature dependent *C-NMR spectra to be 48.9 kJ/mol
[19]. In CFCl;-CS, the relative stabilities of cis-bridged, trans-bridged and non-
bridged isomers and respective energy barriers were determined for both I and
II [20]. The cis-bridged form turned out to be more stable than the trans-bridged
one by 5.4 kJ/mol for I and 4.2 kJ/mol for II. The enthalpy of non-bridged forms
appeared to be about 21 k]J/mol higher than cis-bridged for I and ca. 12 kJ/mol
lower for II.

Investigation of the temperature-dependent *C-NMR spectra of I led to the
conclusion that the exchange of bridge carbonyl ligands is much easier in the
trans isomer than in the cis one [21]. This phenomenon was explained by Adams
and Cotton [22] who showed that carbonyl exchange in the cis-bridged isomer
needs the rotation around the Fe-Fe bond in the non-bridged intermediate, while
in the trans form opening and consecutive closing of the carbonyl bridges is suf-
ficient to activate the carbonyl exchange.

2.2
Theoretical Calculations

All possible forms, i.e. bridged cis and trans, and non-bridged cis and trans were
optimised with the use of the DFT method [23]. Two density functionals were
used, namely B3LYP [24] and BP86 [25]. The results of the optimisation for both
functionals are generally the same (apart from the specific geometry parame-
ters). LANL2 basis set with additional d and f functions was used for the metal
atoms with the exponents 0.1214 and 2.3 for iron and 0.081 and 1.533 for ruthe-
nium, for d and f functions, respectively. DZV(d) basis for the carbon and oxy-
gen atoms was employed, and DZV basis for the hydrogen atoms. Frequencies
were calculated for all forms under investigation, to check if they are stable min-
ima or transition states on the potential energy surfaces. The full details of cal-
culations are described elsewhere [26].

The optimised structures are shown in Fig. 1 and optimised structural para-
meters are presented in Table 1. Three stable forms of I were found: trans-bridged
(trans-b), cis-bridged (cis-b) and trans-non-bridged (trans-nb). The frequencies
calculated for all mentioned forms are real, confirming that these are true min-
ima of the energy surface. The cis-non-bridged (cis-nb) form was also optimised;
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Table 1 Calculated geometry parameters for the stable forms of [CpFe(CO),], and [CpRu(CO),l,
(distances in A)

[CpFe(CO),l,

methods trans-b cis-b trans-nb

M-M B3LYP/BP86/Exp. 2.545 2.514 2.539¢ 2.545 2.516 2.531¢ 2.687 2.665
M-C(Cp)? B3LYP/BP86/Exp. 2.163 2.158 2.127° 2.160 2.153 2.114¢ 2.151 2.140
M-C(CO),,? B3LYP/BP86/Exp. 1.907 1.902 1.924° 1.911 1.906 1.917¢
M-C(CO)¢& B3LYP/BP86/Exp. 1.752 1.729 1.761¢ 1.757 1.736 1.745¢ 1.748 1.730
C-0y? B3LYP/BP86/Exp. 1.184 1.199 1.180° 1.184 1.199 1.180¢
C-02 B3LYP/BP86/Exp. 1.161 1.179 1.150° 1.158 1.176 1.153¢ 1.166 1.181

CO,-M-COy?, B3LYP/BP86/Exp. 96.3 97.3 97.4° 952  96.0 96.0¢ 95.1 93.9
CO-M-CO

M-CO,-M*  B3LYP/BPS6/Exp. 837 82.7 82.6° 83.5 82.6 82.8
CO-M-CO,%, B3LYP/BP86/Exp. 93.0 929 93.8° 902 90.1 89.00 802 80.5
CO-M-M?

Cp-M-M-Cp B3LYP/BP86 180.0 180.0 0.0 0.0 180.0 180.0
[CpRu(CO),],

methods trans-b cis-b trans-nb gauche-nb
M-M B3LYP/BP86/Exp. 2.781 2.759 2.738° 2.778 2.760 2.876 2.852 2.857 2.844

M-C(Cp)? B3LYP/BP86/Exp. 2.343 2.339 2.258° 2.340 2.333 2.333 2.324 2.333 2.322
M-C(CO),,? B3LYP/BP86/Exp. 2.052 2.048 2.035¢ 2.056 2.052
M-C(CO)¢# B3LYP/BP86/Exp. 1.874 1.862 1.850¢ 1.877 1.867 1.870 1.861 1.875 1.864
C-0y? B3LYP/BP86/Exp. 1.185 1.199 1.247' 1.184 1.199
C-02 B3LYP/BP86/Exp. 1.163 1.179 1.132f 1.161 1.176 1.165 1.180 1.162 1.177

CO,-M-COy?, B3LYP/BP86/Exp. 94.7 95.3 93.0f 93.6 94.1 91.8 915 91.2 91.2
CO-M-CO

M-CO,-M*  B3LYP/BP86/Exp. 853 84.6 87.00 850 845

CO-M-CO,%, B3LYP/BPS6/Exp. 923 924 92.1° 90.0 89.8 828 932 867 86.8
CO-M-M?

Cp-M-M-Cp  B3LYP/BP86 180.0 180.0 0.0 00 1800 180.0 71.0 725

@ Average values

For non-bridged form
[9]

[10]

[12]

[7]

- o A o o
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trans-nb gauche-nb

cis-nb (TS)

Fig. 1 The DFT optimised structures for different conformers of [CpM(CO),],. TS denotes
transition state

this form, however, revealed one imaginary frequency for both I and II, which in-
dicated its transition state character. The cis-nb form was examined because it
was postulated earlier as one of the possible isomers of I and II. After releasing
the symmetry constraints, however, it converts to one of the stable forms. This
transition state should correspond to a rotational barrier around the metal-metal
bond. There are other possible transition states between different isomers, but
they were not sought in the calculations.

An additional stable form was detected for II, i.e. gauche-non-bridged isomer
(gauche-nb). The dihedral angle Cp-Ru-Ru-Cp in this conformer is 71.0°. Two
carbonyl groups at different Ru atoms are nearly in the trans position (dihedral
angle 165°) whereas two others are placed at approximately cis positions (dihedral
angle 15.0°). This form does not exist in the case of the iron compound; it con-
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verts during optimisation into the cis-bridged form. This phenomenon can be
explained by relatively short Fe-Fe bond, which enables terminal-CO to trans-
form easily into a bridged-CO.

The trans-b and trans-nb forms have C,, symmetry, the symmetry of cis-b
form is C, due to modest rotation of the cyclopentadienyl rings (about 10°),
gauche-nb is of C, symmetry, and cis-b transition state has C; symmetry. The
comparison of the calculated geometry parameters with the experimental ones
(Table 1) shows that the B3LYP method gives better agreement for I. The calcu-
lated Fe-Fe bond length agrees very well, especially for the trans-b form. Geom-
etry of the trans-b form of II is better reproduced by the BP86 method.

Energies of different forms of I and II calculated using the B3LYP and BP86
methods are collected in Table 2 together with the experimental data [20].
The energies are calculated relatively to the trans-b form. The BP86 method
points to trans-b as the form of lowest energy, in contrast to the B3LYP method,
which indicates trans-nb as a somewhat lower energy form. In both methods the
cis-b form is close in energy to the trans-b one, the largest difference being
8.0 kJ/mol for II. The BP86 places trans-nb form 28.2 and 24.7 kJ/mol higher than
trans-b for I and II, respectively, but gauche-nb 35.0 kJ/mol higher than trans-b
of IL.

Different ordering of bridged and non-bridged forms shown by the B3LYP and
BP86 methods is typical for dimeric transition metal carbonyl compounds. A
similar effect was obtained for [Co,(CO);] [27]. It is caused by various estima-
tions of the relative metal-metal bond and metal-carbonyl bond energies in both
methods. The B3LYP method as compared to BP86 overestimates the strength of
the metal-metal bond. For this class of compounds, the ordering of conformers
is better reproduced by BP86.

The energetics of interconversion between different forms of I and II, pre-
sented in Table 2, differs considerably from that concluded from NMR spectra of
their CFCl;-CS, solutions [20]. The calculated energy, however, concerns molec-
ular entities without any outer-sphere interaction and does not account for the
solvent effects that strongly influence the equilibrium between the isomers [3,
13-17].

Table 2 Calculated energies of different forms of [CpFe(CO),], and [CpRu(CO),],

Relative energy (kJ/mol)?

[FeCp(CO),], [RuCp(CO),],

B3LYP BP86 Exp.b B3LYP BP86 Exp®.
trans-b 0.0 0.0 0.0 0.0 0.0 0.0
cis-b 1.6 5.8 -5.4 4.1 8.0 -4.2
trans-nb -14 28.2 15.9 -0.4 24.7 7.5
gauche-nb 15.0 11.4 35.0 6.7
cis-b(TS) 60.7 92.3 46.4 41.0 68.1 31.7

2 Relative to the trans-bridged form.
b [20].
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3
Electronic Spectroscopy

3.1
Molecular Orbitals

The results are exemplified in Fig. 2, where six HOMO and six LUMO orbitals of
the trans-b form of I obtained from the B3LYP calculations are presented. The
HOMO orbital is a four-centre o-type orbital describing bonding formed by two
metal d, orbitals and the " orbitals of the bridging carbonyls. This orbital is
placed in the plane formed by two metal atoms and the bridging carbonyl groups
and is denoted further as 0, co,). The LUMO orbital is a 0" metal-metal orbital.
Calculations using other theoretical models like extended Hiickel [9, 28, 29],
Hartree-Fock [30, 31], Fenske-Hall [32,33] and DFT [2] show similar pattern of
the HOMO-LUMO orbitals. The o metal-metal orbital (HOMO-5, denoted further
as 0) is placed low and the orbital contour between two metal atoms is rather
small, which indicates that direct metal-metal bond in the bridged Fe-complex
is quite weak. This is in accord with the experimentally determined electron den-
sity distribution in the trans-b form of I [9], showing that the electron density
gradient between the metal atoms is small. The LUMO+1 orbital is the anti-
bonding counterpart of 0, o). Other HOMO and LUMO orbitals are bonding
and antibonding combinations of metal d orbitals and 7", respectively, with the
prevailing d metal character in HOMO orbitals and 7", in LUMO orbitals. They
are denoted further as d and 7",

3.2
Calculated Spectra

The widely used assignments of transitions in dinuclear complexes [34-40]
follow the designation suggested by Levenson et al. [35] for [Mn,(CO),,] which
exists in the non-bridged form. The intense, near-UV band (around 340 nm) was
ascribed to o— 0" transition (where o denotes metal-metal bond) based on the
intensity, polarization and energy criteria. The weaker, low energy band was
assigned to d—0o" transition and the higher energy bands to d—7" g and 0—7' ¢
transitions [36]. The first low energy band of [Re,(CO),,] was suggested to over-
lap with the intense near-UV band [37]. For [Co,(CO);] two low energy bands at
about 430 and 410 nm were ascribed to d— o’ transitions in the non-bridged and
bridged isomers, respectively, and two higher energy bands at about 350 and
280 nm were ascribed to 0— 0" transitions in non-bridged and bridged isomers,
respectively [39].

The electronic spectra of [CpFe(CO),], and [CpRu(CO),], were calculated
using the TDDFT method [41] with the B3LYP and BP86 functionals, for geome-
tries optimised with the same functionals for all stable forms of I and II. The spin
allowed singlet states were taken into account and the calculated wavelengths and
energies of the transitions that are characterized by the highest oscillator
strengths for I and II are shown in Tables 3 and 4, respectively. Some less inten-
sive transitions relevant to the comparison with the experimental data are also
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= ﬁ{;-ﬂ-;?‘
LUMO+3 LUMO+4 LUMO+5

Fig. 2 Six HOMO orbitals and six LUMO orbitals for trans-b form of I (B3LYP)

included. The previous calculation of the electronic spectrum of I was performed
with the INDO method by Li et al. [42].

3.2.1
[CpFe(C0),],

Three solvent sensitive bands characterize the experimental spectrum of I: at 514
(710),410 (1870) and 346 nm (9190) in benzene solution [34,43],at 520 (770), 407
(2070) and 348 nm (8320) in methylocyclohexane [44] and at 505 (620), 398
(1930) and 343 nm (8350) in 2-MeTHF [44] (molar absorption coefficients,
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dm’® mol™! cm™}, are given in parentheses). The bands at about 500 and 400 nm
were assigned to d— o transitions and the band at about 345 nm to the 0—0"
transition in the bridged form [34, 40]. The wavelength of the 0—0¢" transition
of the non-bridged form was estimated from the respective band energies in non-
bridged heteronuclear M-Fe complexes to be 430 nm. The changes of ca.400-nm
band intensity with solvent polarity were explained as a possible result of the
presence of small amount of the non-bridged form [40].

In the calculated spectrum of I long-wave transitions are observed (at 508.9
and 530.7 nm in B3LYP, 488.0 and 493.7 nm in BP86, for trans-b and trans-nb,
respectively). The energy difference in comparison to the experiment is between
0.03 and 0.16 eV. All these transitions are characterized by small oscillator
strengths, consistent with the lowest intensity band at about 500 nm in the
experimental spectrum. The calculated transitions arise from d—¢" excitations
with the admixture of 0— 0" excitation in the trans-nb form.

A transition that can be assigned to the experimental band at about 400 nm
is found only in the trans-b form of I. It occurs at 435.5 nm in B3LYP and at
425.1 nm in BP86. This transition has a medium oscillator strength and is com-
posed of two excitations 0—0" and 0.co)—0 4.cop)- The energy difference be-
tween experimental and calculated transitions is 0.11-0.36 eV.

Transitions that can be assigned to the experimental band of the highest in-
tensity, at about 345 nm, are found in calculated spectra of all forms of I. In B3LYP
these are transitions at 359.0 nm for trans-b, 369.9 nm for cis-b and 369.9 nm for
trans-nb forms. In BP86 they occur at 356.7 nm, 342.3 nm and 381.3 nm, respec-
tively. These transitions have the largest oscillator strengths, especially large for
trans-b and trans-nb forms, although the latter, due to its sparsity, should not
contribute really to the spectrum of I. The energy differences between calculated
and experimental transitions are 0.01-0.36 eV. The orbitals involved in these
transitions for cis-b and trans-b forms are d— 1’ ¢y and 0,,.co4)—0 4.cor)- In BP86
other excitations also play a role, namely 0—¢" for trans-b and 0—0" ;o) and
d—0" 1. cow) for cis-b.

3.2.2
[CpRu(CO),],

The experimental spectrum of I in CCl, consists of three bands at 435,330 and
265 nm [34]. The energy of the bands depends moderately on the solvent nature
varying within 263-271 nm and 330-345 nm in n-heptane, isooctane, toluene,
isopropanol and acetonitrile. However, the relative intensities of the bands
depend strongly on temperature, pressure and solvent polarity, with that at
~330 nm prevailing at high temperature, low pressure and non-polar solvent. The
position of the band at ~330 nm in polar solvents becomes more sensitive to tem-
perature changes [3]. Abrahamson et al. [34] ascribed the bands at about 330 and
260 nm to 0—0" transition in the non-bridged and bridged forms, respectively.
The long-wave band at about 430 nm was assigned to d—o" transition.

The transition that can be compared to the experimental one at about 435 nm
is found in the calculated spectrum of trans-nb form, at 407.4 nm in B3LYP and
415.9 nm in BP86. This transition is characterized by a small oscillator strength
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and consists of the d—>0" and 0— 0" excitations. The energy differences between
calculated and experimental transitions are in the range of 0.13-0.19 eV.

The second experimental band at about 330 nm has its equivalents in all con-
formers of IL. In B3LYP they are at 349.1 (trans-b), 361.2 (cis-b), 348.4 and 324.0
(trans-nb) and 362.3 nm (gauche-nb); in BP86 these transitions are at 362.4
(trans-b), 382.9 (cis-b), 335.6 (trans-nb) and 377.4 nm (gauche-nb). The highest
oscillator strength characterizes the transitions in trans-nb form. The energy dif-
ference between the experimental and calculated transitions is between 0.03 and
0.5 eV, the largest difference being for the gauche-nb and cis-b isomers in BP86.
The orbital excitations involved in these transitions with the highest oscillator
strengths in trans-nb are d—0’, d—>7 op and 0— 0" in B3LYP, while in BP86 these
are d—o0" and 0—0'.

The calculated transitions, which can be attributed to the experimental band
at about 265 nm, appear in all forms of II, but the wavelengths are longer than
expected. In B3LYP these are transitions at 301.7 (trans-b), 309.8 (cis-b), 279.4
(trans-nb) and 301.8 nm (gauche-nb). In BP86 these are transitions at 303.3,
297.0,287.7 (and 281.0) and 297.8 nm, respectively. In both methods the highest
oscillator strengths characterize the trans-b and gauche-nb forms. The energy
difference between calculated and experimental energy is within 0.24-0.68 eV.
The following orbital excitations contribute to the transitions: 0—0d", d—' ¢
and 0y cop)—0 4.cop) for trans-b and d— 0" and d— ", for gauche-nb isomer.

In conclusion, it may be stated that the DFT methods reproduce well the spec-
tral properties of I and II. The transition energies are calculated with the aver-
age error of about 0.2 eV for most transitions, except the shortest wavelength
band of II for which it is ca. 0.5 eV. The transitions are characterized usually by
more than one orbital excitation, and some orbital excitations are different in
B3LYP and BP86 methods.

According to the presented calculations the transition at about 500 nm can be
attributed to the trans conformers of I (both bridged and non-bridged). The tran-
sition at about 400 nm has its counterpart only in the trans-b form. The band at
~345 nm can be ascribed to all forms, although the oscillator strength values sug-
gest the trans isomer domination in the spectrum.

The transition at about 435 nm can be attributed to the trans-nb form of II
basing on the DFT calculations. The increasing intensity of the band at about
330 nm with increasing temperature is connected with the growing concentra-
tion of the trans-nb form, due to the high oscillator strength of this transition.
The band at about 265 nm can be mostly ascribed to the trans-b and gauche-nb
forms.

The assignment based on the DFT calculations agrees with the commonly
accepted interpretation of the spectra of I and II, in which the most intense
band of I at ~345 nm is attributed to the bridged form, and the two intense bands
of II, at ~330 and 265 nm are assigned to the non-bridged and bridged forms, re-
spectively [3, 34].
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4
Photochemical Reactivity

The variety of structures of the [CpM(CO),], complexes reflects in various chem-
ical and photochemical pathways reported for these moieties. Since I occurs in
solution mostly in the bridged structures only the cis-trans equilibrium can be
considered [14-17]. As distinct from I, in solutions of II the CO-bridged (II-b)
and non-bridged (II-nb) forms coexist [3, 15, 16, 34]:

[Cp(CO)Ru (i - CO), - Ru(CO)Cp] & [Cp(CO),Ru - Ru(CO),Cp]
II-b II-nb (1)

Recently photochemistry of I was reviewed in details by Bitterwolf [2], whereas
behaviour of its ruthenium analogue was described to a lesser extent. At the same
time the possibility of using [CpM(CO),], complexes as versatile systems was
considered with the ligand and medium controlled photochemistry [1]. Here we
intend to emphasize some points of I and II photochemistry, which are closely as-
sociated with their structures.

4.1
[CpFe(CO),],

Two main photochemical modes of I were observed:

1. Radical pathway consisting in the metal-metal bond splitting with genera-
tion of the 17e~ [CpFe(CO),] radicals. The radicals produce mononuclear
[CpFe(CO),X] complexes in the presence of radical precursors RX (X=Cl,
Br, I) [34, 45, 46]. Phosphites, however, can substitute one of the carbonyl
groups in [CpFe(CO),] yielding [CpFe(CO)P(OR);] radicals [47].In the pres-
ence of a ligand L highly reductive 19e¢~ adducts [CpFe(CO),L] are
formed [48]. Finally, the [CpFe(CO),] radicals can dimerize or couple with
[CpFe(CO)P(OR);]' [47]. Recently Amatore et al. found that [CpFe(CO),]~
anion can be formed in reaction of I with photoexcited 1-benzyl-1,4-di-
hydronicotinamide dimer [49].

2. Non-radical pathway consisting in the cleavage of one of the CO groups. The
formed unsaturated complex can coordinate a ligand like PR;, P(OR); [45, 50]
or a molecule of coordinating solvent, e.g. THF [47] or acetonitrile [50].
The alkyne coordination, leading to formation of a transient [Cp,Fe,(CO);
(RC=CR)] species, followed by intramolecular transformations, was also re-
ported [51]. The nature of the [Cp,Fe,(CO);] intermediate has been discussed
in the literature and was postulated to be triply [52-58], doubly [59] or singly
CO-bridged [59]. Recently the photogenerated CO-loss intermediate was
studied by time-resolved IR spectroscopy and its triply bridged structure was
proved [60]. Extended irradiation of the solution leads to the loss of further
CO ligand and formation of [Cp,Fe,(CO),] with a triple Fe-Fe bond [58, 61].

The non-radical pathway was reported to proceed only from the trans-b form
upon long wavelength (A;,>475 nm) irradiation [52]. This is consistent with the
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domination of the absorption of the trans-b and trans-nb isomers within this
radiation range (cf. Table 3). However, the same irradiation range was also found
to induce the Fe-Fe bond cleavage leading to [CpFe(CO),] formation [47,57,62].

Secondary thermal and/or photochemical reactions make the photochemistry
of I even more interesting. An example can be formation of ferrocene upon pro-
longed irradiation of [CpFe(CO),X] (X=CI, Br) [46]. Alternatively, the ligated
halogen can be photochemically substituted by an N-donor ligand, generating,
e.g. [CpFe(CO),NR,] [63-65].

[CpFe(CO),X] complexes can also be formed in the thermal reaction of I with
strong acids HX (X=0,;SC4H,Me-4, Cl) in acetonitrile solutions [66]. In addition
[CpFe(CO),(NCMe)]X is formed. The bridging CO groups can undergo reduc-
tion, e.g. by calcium tetrakis(isopropoxy)alanate yielding the y-CH, analogues of
I[67].

4.2
[CpRu(CO),],

Structural differences of II entail changes in the excited state energy and char-
acter: the ob“dge—m bridge €XCitation needs higher energy (A,,,,=265 nm) than the

nonbrldge—>o nonbridge ON1€ (A, =330 nm) (see above). In consequence, the two iso-
meric forms II-b and II-nb, are characterized by different photochemical modes
(Scheme 1) [68].

(@ fl vy (®) 11 hv,

[cPRU(CO),CI] + R’
Z:IQR .:SCO A /CO [> /
u u —— 2 RU
N7 O
od ¢ \

o [cpRu(CO),H] + R’
L (e.g. acetonitrile) [cpRu(CO).],
\
ﬂ :_QO L\ /CO [cpRu(CO),]3
Ru Ru
/N ﬂ [cPRU(CO),l;
oC 0
y
[cPRU(CO),l,

Scheme 1 Photochemical channels for [CpRu(CO),], (hv, denotes that A, =250 nm; hv,:
;=330 nm). Adapted from [1]
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Contrary to the previous reports [34, 52, 69], in recent studies no photo-
chemical dissociation of the terminal CO ligand was identified. Instead the cleav-
age of Ru-COpyiggeq and Ru-Ru bonds was recognized to follow the excitations
at 265 and 330 nm of II-b and II-nb, respectively (paths a and b in Scheme 1)
[3, 68, 69]. In the former case, the monobridged dimeric radical species is
formed, whereas in the latter the monomeric [CpRu(CO),] radicals are
generated photochemically. The radicals are interconvertible and undergo
back and secondary processes, which can finally transform the dimer into a
monomeric or polymeric form. The course of these pathways strongly depends
on the nature of solvent and the presence of a ligand or radical precursor in the
system.

The effect of irradiation energy on the photochemical mode can be easily
recognized using flash technique with a microsecond resolution. In continuous
photolysis, however, the final products of the pathway a are observed only under
specific conditions. First, the isomerization reactions of Il are fast enough [20, 70]
to convert the whole substrate into the photoproducts by irradiation either of
the isomers. Second, due to the radicals evolving into each other with different
kinetics (cf. Scheme 1), the yield of the monobridged radicals generated from
recombination of [CpRu(CO),]" can be neglected in continuous photolysis,
and in a ligating solvent its coordination product, e.g. [CpRu(CO),CH;CN] or
[CpRu(CO),][CpRu(CO),CH;CN], may be regarded as selectively produced by
irradiation within the 265 nm band of II-b (path a in Scheme 1) [68].In contrast,
the [CpRu(CO),] radicals and, in consequence, their addition products, e.g.
[CpRu(CO),Cl], are generated easily in both pathways. Light energy can thus be
used for steering the reaction pathways, but only to a limited extent. It has
also some quantitative effect: somewhat increased quantum yields of the dimer
decay were observed at shorter wavelength [34, 68].

The influence of solvent nature on the photoproducts formed from II can be
described in a general way. In non-polar and poor radical precursor solvents (e.g.
heptane, octane) polymerisation is the only reactive pathway of the photochem-
ically generated radicals, irrespective of their origin from the bridged or non-
bridged isomer [68]. In non-polar, but good radical precursors (e.g. toluene,
carbon tetrachloride) all photochemically generated radicals are transformed
into the monomeric Ru(II) complexes, e.g. [CpRu(CO),Cl] [3, 34, 68, 69]. In the
presence of the ligating solvents (e.g. acetonitrile, DMSO) the Ru-radicals can un-
dergo complexation and/or disproportionation, similar to that observed in the
case of I [68].

It is known that dimers I and II can activate C-H bond. As an example a cat-
alytic hydroformylation of 1-octene (thermal process) may be mentioned [71].
Alternatively the photocatalytic activation of the C-H bond can be considered
according to the pathway b in Scheme 1. The system was tested using toluene
as a radical precursor. EPR spectroscopy was applied to detect the radical
products: generation of the hydride Ru transient complex, [CpRu(CO),H], and
C¢H;CH, radicals were determined [3, 69]. Formation of the ruthenium hydride
species was recently reported also by Bitterwolf et al. in the reaction of photo-
excited ITI-nb with H, [72]. [CpRu(CO),H] can be oxidised in air to the original
dimer II [73].
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5
Conclusions

The photochemical behaviour of the [M(7°-CsH;)(CO),], (M=Fe or Ru) dimers
is complicated because in solution the compounds occur in equilibria between
their two or more isomeric forms. To interpret the photochemistry of such sys-
tems the equilibrium controlling parameters and characteristics of the individ-
ual forms should be known. The former was recognized earlier, whereas the
structure and spectral properties of all possible forms of I and II are calculated
in this work. The DFT calculations point to three stable forms (trans-b, cis-b and
trans-nb) in the case of the Fe-dimer, whereas for the Ru species an additional
stable form (gauche-nb) is found. Its cis-nb conformer suggested in earlier stud-
ies turned out to be an unstable transition state.

Analysis of the calculated transitions of all the isomeric forms shows that the
most essential contribution of both dimers to the UV/vis spectra comes from the
trans isomers. These are especially responsible for the low energy bands in the Fe
and Ru compounds, which is consistent with the photoreactivity of the trans form
of I within the long wavelength region.

Almost all excitations responsible for the transitions contribute to population
of the 0" and/or 0”4 o, orbitals which should lead to weakening of both M-M
and M-COy;;gg. bonds. In consequence, cleavage of both bonds seems probable.
The differences between the photochemical behaviour of the Fe and Ru com-
pounds derive mostly from the difference in the central atom radii. In particu-
lar, the cleavage of the Fe~COy,;qq bond should be followed by the immediate
conversion of two terminal CO groups into the bridged CO, leading to formation
of the triply bridged [CpFe(pp-CO);FeCp] intermediate and release of one of the
CO ligands. In contrast, the Ru-Ru distance is too long to form such intermedi-
ate and therefore CO ligand is not released. Instead, the monobridged species
either decomposes to two [CpRu(CO),] radicals or, in presence of a ligating
species, becomes stabilized (Scheme 1).
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Abstract We show how the introduction of the average one-center two-electron exchange in-
tegral, which is closely related to Jergensens spin-pairing energy parameter, facilitates com-
parison of the Heisenberg-Dirac-van Vleck exchange parameter for different transition metal
dimers. The formalism is illustrated on p-oxo-dimanganese(III) and p-oxo-dichromium(III)
complexes in which the oxo bridge is the important exchange pathway.
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Introduction

The conceptual framework to understand the exchange interaction between
nearest-neighbor paramagnetic ions in three-dimensional lattices was put
forward by Andersson in the late 1950s [1]. Simultaneously, and independently,
Jorgensen [2] used similar ideas to interpret the antiferromagnetic interaction
between the two copper(II) ions in copper(II) acetate. Based on the Anderson
theory are the so-called Goodenough-Kanamori rules [3] - a set of rules ex-
pressing the nature and magnitude of the interaction depending on the electronic
occupancy of the relevant interacting orbitals.

In recent works we demonstrated how the correct quantitative expressions
for the Goodenough-Kanamori rules [1, 3, 4] successfully accounted for the
magnetic properties in linear and bent oxo-bridged iron(III) dimers. Here we
treat the analogous manganese(III) and chromium(III) dimers and focus on
the fact that the average one-center two-electron exchange integral K, pro-
vides the means to compare magnetic properties of dimers containing differ-

© Springer-Verlag Berlin Heidelberg 2004


Verwendete Mac Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.3
     Für schnelle Web-Anzeige optimieren: Ja
     Piktogramme einbetten: Ja
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 600 600 ] dpi
     Papierformat: [ 439 666 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 600 dpi
     Downsampling für Bilder über: 900 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Warnen und weiter
Einbetten:
     Immer einbetten: [ ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Alle Farben zu sRGB konvertieren
     Methode: Standard
Arbeitsbereiche:
     Graustufen ICC-Profil: 
     RGB ICC-Profil: sRGB IEC61966-2.1
     CMYK ICC-Profil: U.S. Web Coated (SWOP) v2
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Nein
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Nein
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Nein

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /LockDistillerParams false
     /DetectBlends false
     /DoThumbnails true
     /AntiAliasMonoImages false
     /MonoImageDownsampleType /Bicubic
     /GrayImageDownsampleType /Bicubic
     /MaxSubsetPct 100
     /MonoImageFilter /CCITTFaxEncode
     /ColorImageDownsampleThreshold 1.5
     /GrayImageFilter /DCTEncode
     /ColorConversionStrategy /sRGB
     /CalGrayProfile ()
     /ColorImageResolution 150
     /UsePrologue false
     /MonoImageResolution 600
     /ColorImageDepth -1
     /sRGBProfile (sRGB IEC61966-2.1)
     /PreserveOverprintSettings true
     /CompatibilityLevel 1.3
     /UCRandBGInfo /Preserve
     /EmitDSCWarnings false
     /CreateJobTicket false
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDict << /K -1 >>
     /ColorImageDownsampleType /Bicubic
     /GrayImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>
     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)
     /ParseDSCComments false
     /PreserveEPSInfo false
     /MonoImageDepth -1
     /AutoFilterGrayImages true
     /SubsetFonts false
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>
     /ColorImageFilter /DCTEncode
     /AutoRotatePages /None
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ASCII85EncodePages false
     /PreserveOPIComments false
     /NeverEmbed [ ]
     /ColorImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /CannotEmbedFontPolicy /Warning
     /EndPage -1
     /TransferFunctionInfo /Apply
     /CalRGBProfile (sRGB IEC61966-2.1)
     /EncodeColorImages true
     /EncodeGrayImages true
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>
     /Optimize true
     /ParseDSCCommentsForDocInfo false
     /GrayImageDownsampleThreshold 1.5
     /MonoImageDownsampleThreshold 1.5
     /AutoPositionEPSFiles false
     /GrayImageResolution 150
     /AutoFilterColorImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /OPM 1
     /DefaultRenderingIntent /Default
     /EmbedAllFonts true
     /StartPage 1
     /DownsampleGrayImages true
     /AntiAliasColorImages false
     /ConvertImagesToIndexed true
     /PreserveHalftoneInfo true
     /CompressPages true
     /Binding /Left
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 600 600 ]
>> setpagedevice


174 Susanne Mossin - Hogni Weihe

ent metal ions. K, is closely related to Jorgensens spin-pairing energy parame-
ter D [5]:

21+ 3
T 20+2

K (1)

K, is the average value of the 21(2[+1) possibly different exchange integral per-
tinent to the I shell, D expresses the energy difference between the center of grav-
ity of all terms with spin quantum number S-1 and the center of gravity of all
terms having spin quantum number § as

E(S-1)-E(S)=2SD (2)

The relevant structural and magnetic properties of all oxo-bridged Mn(III) and
Cr(III) dimers, which have been both structurally and magnetically character-
ized, are collected in Tables 1 and 2, respectively. The magnetic properties are
given in terms of ] being the parameter in the effective Hamiltonian

H=]JS; S, (3)

All the complexes are octahedrally coordinate and have one compositional
feature in common, namely one oxo bridge. Some of the complexes have one or
two supporting carboxylato bridging ligands. These are considered to be of less
importance as interaction pathways compared to the oxo bridge [4]. The com-

Table 1 Structural and magnetic parameters for oxo-bridged manganese(III) dimers

Compound gldegrees  r/A Jiem™ Ref.
[Mn,OL,]** 180 1.758 216 (6]
[Mn,O(5-NO,saldien),] 168.4 1.754 240 (7]
[{(BispicMe,en)Mn},(0)(CH;CO0)]** 133 1.79 13.5 [8]
[{(Bispicen)Mn},(0)(CH;COO0)]** 130.8 1.801 19.5 [8]
[{HB(pz);:Mn},(0)(CH;CO0),] 125.1 1.78 0.4-1.4  [9]
[{(TMIP)Mn},(0)(CH,COO0),]?* 124.4 1.789 0.4 [10]
[{(bpy)CIMn},(0)(CH5COO0),] 124.3 1.783 8.2 [11]
[(bpy)(OH)Mn(0)(PhCOO0),Mn(NO;)(bpy)] 124.1 1.777 -2.0 [12]
[{bpy(H,0)Mn},(0)(CH,CO0),]?* 122.9 1.783 6.8 [13]
[(bpy)(H,0)Mn(O)(mpdp)(bpy)(MeCN)Mn]**  122.9 1.787 0.6 [14]
[{(TP-TACN)Mn},(0)(CH;CO0),]** 122.3 1.802 9.2 [15]
[{(bpy)(N;)Mn},(0)(PhCOO),] 122.0 1.802 -17.6 [11]
[{(Me;TACN)Mn},(0)(CH,CO0),]?* 120.9 1.810 -18 [16]
Ligandabbreviations:

L-=N,N-bis(2-pyridylmethyl)-N"-salicyliden-1,2-diaminoethane
(5-NO,saldien)=N,N’-bis(5-nitrosalicylidene)-1,7-diamino-3-azapentane
BispicMe,en=N,N’-bis(2-pyridylmethyl)-N,N’-dimethylethane-1,2-diamine
Bispicen=N,N’-bis(2-pyridylmethyl)ethane-1,2-diamine

HB(pz); =hydrotris(1-pyrazolyl)borate
TMIP=tris-(N-methylimidazol-2-yl)phosphine

bpy=2,2’-bipyridine; PhnCOO=benzoate
mpdp*=m-phenylenedipropionate
Me;TACN=N,N’,N”-trimethyl-1,4,7-triazacyclononane
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Table 2 Structural and magnetic parameters for oxo-bridged chromium(III) dimers

Compound @l/degrees rlA Jlem™ Ref.
[{(tmpa)(NCS)Cr},(0)]** 180 1.800 510 [17,18]
[{(NH,);Cr},(0)]* 180 1.821 450 [19]
[{(tmpa)Cr},(0)(CH;CO0)]** 131.9 1.832 100.6 [18]
[{(tmpa)Cr},(0)(CO;)]** 128.3 1.828 60.8 [20]
[{(Mestacn)Cr},(O)(CH;CO0),]** 121.0 1.850 56 [21]

Ligand abbreviations: tmpa=tris(2-pyridylmethyl)amine
Me;tacn=N,N’,N”-trimethyl-1,4,7-triazacyclononane

Xy z, @) X2
S——
N, ¢ P

Z;
Fig. 1 Definition of the coordinate systems and the angle ¢

plexes having only the oxo bridge exhibit M-O-M angles, see Fig. 1, ¢ in the range
180° to 168°. The complexes having one and two supporting bridging ligands ex-
hibit ¢ in the range 133-131° and 124-120°, respectively.

2
Theory

We consider a dimer AB composed of the metal ions A and B. The ground state
of A which is designated S,T', arises from the electron configuration (a)NA"A. (a)
is a set of orbitals centered on A. N, and n, is the total number of electrons and
the number of unpaired electrons, respectively. Similar designations apply to cen-
ter B. Hence, the ground state manifold of functions can be symbolized as

|STMsy> = [(@)" " S,T 4] ® [(b)> " SpTg] (4)

In the theory originally developed by Anderson [1] the splitting of this manifold
of states arises due to an interaction of these functions with functions arising
from charge-transfer states (CT). Such a CT function, in which an electron has
been removed from center A and restored on center B is designated as

|STM5y) = [(@)N4-17 SAT4] ® [(b)Ne+ 17 S3T7] (5)

where n,” and ny” may differ from n, and n; by 1 depending on the number of
electrons in the orbitals losing and receiving the electron.
The key matrix elements to be calculated are hence of the type

(STMsy | Vyp|ST Msy) (6)

Vg is the one-electron operator and it is specified by its one-electron matrix
elements h,;,. To second order in perturbation theory it is found that the energies
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of the ground state (GR) manifold are proportional to S(S+1). Basically the CT
function can be generated from the GR function in four distinct ways: the elec-
tron can be removed from a half-filled or a full orbital, and it may be restored in
an empty or a half-full orbital. Only two types of electron transfers are needed
here: half-full to half-full and half-full to empty, and the expressions follow be-
low. Similar expressions for the two remaining types of CT can be found in [22].
For the half-full to half-full electron transfer we find the following antiferro-
magnetic contribution to J:
2 hy,
J= (7)

nang Uy

where U, is the energy of the CT manifold of states (Eq. 5),and h,, is the matrix
element of V5 connecting the relevant orbitals on A and B. For the half-full to
empty electron transfer we find the following ferromagnetic contribution to J:

; -2 » [ 1 1 ] -2 hiy U= Uy
S| -, | —
ny(ng+1) Ugp Uyp | na(npg+l) Uy Uy
Two CT energies appear in Eq. (8), because the GR functions interact with two
different manifolds of the CT functions. The reason for this is that Sy" in Eq. (5)
can take the values S5 = Sy ® 1/ = Sz + '/ and S~ 1/»,and Uy~ U,5= E(Sp - /)
- E(Sp + /7). In all cases relevant to the calculation of ground state J values of

these systems, the two S'; values represent the highest and next-highest spin value
of the configuration (b)Ns*+ Lns+1,

(8)

3
Model Parameters

Equations (7) and (8) express the contribution to J in terms of the number of
unpaired electrons on the interacting centers, one-electron matrix elements and
the energies of metal-metal CT states.

Although U, appears as a metal-metal charge transfer energy, it inherently
contains some ligand-metal CT character as well. It can be shown that on ex-
plicitly including the relevant ligand-metal CT states; 1/U.; and 1/(U)? in
Egs. (7) and (8) should be replaced by

1 1 1
e ©)
and
1 2U+E 3
- L7 T (10)

Uy  EcrU? " E%;
respectively, where E.p is the energy of the bridging ligand-metal CT state, and
Uis a true metal-metal CT energy. For the complexes in Table 1 and 2 we have [23,
25] 35,000<E:<40,000 cm™!. The U values are typically 2-3 times larger [24, 26].
Hence, we conclude from Egs. (9) and (10) that U, in Egs. (7) and (9) are slightly
higher and slightly lower than E.r, respectively.
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Fig. 2 Schematic illustration — —®0
of the d orbital energies. The hen hne
non-zero one-electron inter-
action parameters are indi- € €
cated with double arrows.
We have written 0, ¢,E, 1 h
and ¢ for d,y, dg 5, s s n . - n
and d,,, respectivel < >

y 1€SP Y € he g

C— —G
A B

The metal-oxo distance - see Tables 1 and 2 - is significantly shorter than the
other metal-ligand distances which are found in the range 2.03-2.21 A [6-21].

This in conjunction with the oxide ligand being a good o as well as 7w donor
results in the d orbitals having the energy order as indicated in Fig. 2. Hence the
chromium and manganese centers have the ground state electron configurations
(a)**=(b)**=C'n'E! and (a)**=(b)**=C'n'E'e!, respectively. The non-zero interac-
tion matrix elements h,;, are those which involve orbitals overlapping with the
oxo 2s and 2p orbitals. These interaction elements are indicated with arrows in
Fig. 2. The parameters h,, and h,o=h,, depend on ¢ and hg does not. They can
be expressed in angular overlap model (AOM) parameters as follows [25, 26].

hee=~epn
= —€pr COS @ (11)
hoy=hpe=Veyney,sin @

All parameters involving the € and  orbitals are much smaller, due to the fact that
these have § symmetry with respect to the metal-oxo bond, and the oxide ligand
has no low-energy 6 orbitals.

In principle, it is always possible to calculate the energy difference Uy~ U,5=
E(Sg - /2) - E(Sp + 1/2) of Eq. (8), and express it in, e.g., the Racah repulsion
parameters. In practice, however, it is profitable to recognize that for any given
electron configuration, having n unpaired electrons, the lowest energy difference
between the terms having the highest and the next-highest spin multiplicity is
given approximately as

E(Smax - 1) - E(Smax) = 2SmaxI<av = nKav (12)
For d electrons in spherical symmetry
5
Kuy=C+—B (13)

At first sight this might seem a rather crude approximation. This is however not
the case as we now show. In Table 3 we have collected the experimentally deter-
mined first spin-forbidden excitation energies for several di- and trivalent metal
ions in octahedral and tetrahedral environments. It is clearly evident that the ex-
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Table 3 Energies ofthe first spin forbidden transitions in some first-row di- and trivalent-
transition metal complexes. The first three columns give the electron configuration, the spin-
forbidden transition of lowest energy, and the first-order energy expressed in Racah B and C
parameters. The fourth column gives the energy range observed for this transition in com-
plexes containing the metal ion in the fifth column

e’ (n) A e Eineory Eplcm™ Mat RRef.
t,2 (2) ST, IE,T, 2C+6B 9,000-10,000 V3 [27]
t5e2(2) A, >'E 2C+8B 11,000-15,000 Ni2*(0,) [27]
t3 (3) 4A,—2E,2T, 3C+9B 14,000-15,000 Cri* [27]
t,2e! (4) SE—’E 4C+8B ~21,000 Mn’* (28]
t,2e* (5) A, A, 5C+10B 23,000-25,000 Fe*,Mn2*  [27]
et (2) ST, —'E 2C+6B 10,600-12,000 Ni2*(T,) [27]

perimentally determined energies scale linearly with the number of unpaired
electrons n; by comparing the first and fourth column of Table 3 and using
Eq. (12), we immediately see that 4500<K,,<5000 cm™'. Table 3 only lists ground
state electron configurations. Inspection of the d9 (2£q<8) repulsion matrices
[29] reveals that this simple relationship also holds for excited electron configu-
rations. We note in passing, that the approximation Eq. (12) also holds for the rare
earth elements with K, in the range given above.
The above discussion allows us to rewrite Eq. (8) using Uys— Uyy= (nz + 1) K,
and we therefore have
2
j= -2 ta Ka (14)
ny Ueﬁ Ue[f

Using Eq. (10), and the CT energies mentioned above we estimate K,,/U,x=0.25.
Using Egs. (7), (11) and (14) the expressions for the ] values for the
chromium(III) and the manganese(III) dimers in Tables 1 and 2 are given as

4 4
]CrCr = ge;}nell)n (1 + COSZ (P) - ge;)n e;oK;u Sln2 (P (15)
and
1 ’ ’ 2 ’ ’ 74 2
]MnMn = Zepnepn (1 + cos ‘P) - eprrepoKav smn” @ (16)

respectively, where we have written e, e,,” and K, for epn/\/ Uesp epol\/ U and
K,/ U, respectively.

4
Results and Discussion

The expressions for ], Egs. (15) and (16) are fitted to the ], values in Tables 1
and 2, with e, and e,,;” as adjustable parameters, and K,,’=0.25. The parameter
values obtained are e, = 22.4 cm™2 and eyo =47 cm™"2, The calculated angular
variation of J for the manganese(III) and chromium(III) complexes is shown in
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Fig. 3 Experimental and 5004 O
calculated angular variation Cr-O-Cr ( O )
of J for the dimers listed in 1 Mn-O-Mn ( @ ) _.--0O

Tables 1 and 2. The curves -
were calculated from

Egs. (15) and (16) with the
parameters given in the text

1 T T T T T T 1 T T T T
120 130 140 150 160 170 180
¢/ degrees

Fig. 3. For both systems, the agreement of experimental and calculated ] values
is excellent, and we must conclude that it is justified to use the same parameter
values for both systems.

The model parameters e,” and e, are related to AOM parameters, and with U
values in the range of ligand-metal CT energies, as discussed above, we get the
values for the corresponding AOM parameters e, ,~4300 cm™ and e,,,~8300 cm™',
corresponding to oxide being a strong o and m donor. The contribution to the
e,=€,,+e,, AOM parameter from the oxide 2s orbital cannot be obtained from the
dimers in Tables 1 and 2. The reason for this is the 0 orbital (Fig. 1) being unoc-
cupied in the ground state of both the chromium(III) and the manganese(III)
dimers. From a similar analysis of oxo-bridged iron(III) dimers we estimated
es,=e,» which makes e,=12,000 cm™". In comparison, the donor properties of OH-
have been parameterized with e,=2300 cm™! and e,=9000 cm™! [30], and we con-
clude that the higher values for oxide can be attributed to the higher negative
charge as compared to hydroxide.

From Fig. 3 we see that the dimers exhibit strong antiferromagnetic coupling
in the linear configuration. For the chromium(III) and the manganese(III)
dimers the J value vanishes at =115° and =125°, respectively. Using Egs. (15) or
(16) we calculate the ferromagnetic contribution to ] as large as =~~230 cm™..

In his latest book [5] Jergensen stated “It is much more difficult to explain
ferromagnetism which must be connected with a rather uncommon side effect
of strong spin-pairing energy in partly filled shells” From the above dis-
cussion we have seen that the spin- palrlng energy, or equivalently the average
exchange integral, determines the size of the ferromagnetic contribution to J
in these dimers, and Egs. (15) and (16) provide a quantitative measure of this
statement.
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1
Prologue

It was in the year 1987, when I (GF) was working at the Stanford Research Insti-
tute (SRI International) at Menlo Park, California, that a letter by Christian
Klixbull Jorgensen was delivered to my office. The name was familiar to me since
my introductory courses in inorganic chemistry in the early 1970s but I had never
met him personally, nor did I have any previous contact with him. It was one of
those letters whose style is well known to anyone who has ever communicated
with him. A neatly handwritten document which was clearly focusing on a sci-
entific topic and yet it was full of humour and irony. I had never received such a
letter from a scientist,and I learned only later that the invention of the typewriter
had passed him by like many other novelties which he considered unimportant.

In his letter he asked me about some recent publications of mine which re-
ported on quantum chemical calculations of the light noble gas elements helium,
neon and argon. My interest in doubly charged organic cations [1] had led to me
calculating the structure of HeCCHe?*, which according to the calculations has a
very short carbon-helium bond length of 1.085 A [2]. The analysis of the bonding
situation suggested that the short bond is not simply caused by strong electrostatic
attraction but rather by low-lying empty orbitals of CC?*. Systematic calculations
of isoelectronic analogues of HeCCHe?* which are less highly charged guided me
first to singly charged HeCCH™ and then to neutral HeBeO [3]. The calculations
predicted that the neutral species HeBeO has a remarkably short He-Be bond
(1.54 A) and that the He-BeO bond dissociation energy (3 kcal/mol) is much larger
than that of any theoretically or experimentally studied neutral helium com-
pound. The theoretical prediction that neutral helium compounds may become
synthesized was surprising and I felt flattered when renowned newspapers and re-
search journals reported the scientific news [4]. My enthusiasm was a bit damp-
ened, however, by the disappointing finding that the bonding between He and BeO
is caused by unusually strong van der Waals forces and not by genuine covalent
interactions [3c]. The summary of our theoretical research in light noble gas
chemistry has been published in a review with Dieter Cremer [5].

Back to Christian Klixbull Jorgensen (CKJ). He wrote to me because he real-
ized that the peculiar bonding in He-BeO should become manifest in other
donor-acceptor complexes D-BeO where D is a heavier and thus more polarizable
element. His letter was full of data and ideas about other possibly stable mole-
cules which I had never thought about because I clearly lacked the enormous
chemical knowledge of CKJ. By training, I was a theoretical organic chemist and
my chemical perspective was much more limited at that time than his. The peri-
odic system of the elements was his playground where he knew every corner and
every grain of sand. I remember when I visited him few years later in Geneva in
order to give a seminar, that he told me my reimbursement for travel costs would
be the atomic number of a certain lanthanide element multiplied by the oxida-
tion number of another lanthanide. I was perplexed but I knew that the sum
would be correct!

In the same letter CK]J informed me that he would soon be coming to Califor-
nia to give seminars at several universities. I was living with my wife in San
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Francisco at that time, and since this was the departure port for his return flight
I invited him to come to our place and to spend the last night in our apartment.
Everyone who ever met CKJ] knows what this means! It became an extremely
entertaining evening full of jokes and fun with witty conversation where science
and life mix in an ingenious way. And while we joked about many things we
continued to have serious discussions about science, particularly about noble gas
chemistry. He opened my eyes and enabled me to see my theoretical discovery
about the chemical bonding of light noble gases in the context of other fields. In
particular, he taught me about the history of the chemistry of the noble gases. We
continued our discussion on the topic after he returned to Geneva by written
communication which made me the proud owner of a large collection of hand-
written CK]J letters. The result of our communication was the decision to co-
author a review article entitled “Historical, spectroscopic and chemical compar-
ison of noble gases” [6]. We believed at that time that the final chapter about
neutral compounds of the light noble gas elements had been written and that
no further breakthrough could be expected. The recent synthesis of the first
chemically bonded neutral argon compound HArF by Khriatchev et al. proved us
wrong! [7].

2
Chemical Bonding in Noble Gas Compounds

In order to understand the difference between earlier attempts to synthesize
a neutral argon compound and the approach which led to the first isolation of
a neutral argon compound in a condensed phase it is helpful to consider the
nature of the bond in the previously synthesized compounds of the heavier
noble gases. This shall not be done in great detail but only in the context of the
bonding in HArF which will be analysed below. For the history of noble gas
chemistry and a detailed discussion of the chemical bonding of noble gases we
refer to the previously mentioned review [6] and to the account by Laszlo and
Schrobilgen about the experimental studies which finally led to the first noble gas
compound [8].

All attempts to synthesize a neutral noble gas (NG) compound focussed in the
beginning on trying to react NG with the most electronegative elements, partic-
ularly fluorine. The idea was that it takes strong electron attracting forces to bring
the valence electrons of NG, which has a filled valence shell with eight electrons,
to engage into chemical bonding with other elements. The most electronegative
element fluorine seemed to be the best choice, and xenon should be the most
accessible noble gas element because it has the lowest ionisation energy (IE) of
all NG elements. It is ironic that just at the time when this idea turned out to be
true, leading to the synthesis of XeF, [9], a different approach which was based
on the same principle was successful and led to the first publication of a stable
neutral noble gas compound. Neil Bartlett found in 1961 that PtFs is such a
strongly oxidising agent that it even oxidizes oxygen yielding the salt O,"(PtFy)"
[10]. According to his values [11, 12], the first IE of O, (12.2 eV) is even slightly
higher than the IE of Xe (12.03 eV), and thus it seemed conceivable that PtF,
could also oxidize xenon. This was indeed the case. Although the compound
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which is immediately formed when the gases Xe and PtF, react is not Xe*(PtF;)~
as was originally formulated [13] but rather a mixture of which the most im-
portant molecule has the formula (XeF)*(PtFg)~ [14] the basic idea of bringing a
noble gas to forming a chemical bond was proven to be correct by the synthesis
of XeF, and by the latter salt compound. There are elements and molecules like
PtFs whose electron attracting strength is so strong that the valence electrons of
NG engage in chemical bonding.

In the following years it turned out that the strength of the electron attrac-
tion of an atom or molecule X and the ionisation energy of NG are the main fac-
tors which determine the strength of the NG-X bond. Xenon compounds are
much more stable than krypton compounds and the stability of the molecules
with NG-X bonds follows the order of the electronegativity of X=F>O>N>C. It
is only recently that compounds with xenon-carbon bonds could be made [15].
Stable neutral compounds of argon have not been synthesized prior to the work
of Khriatchev et al. [7]. A theoretical study showed that salt compounds of ArF*
should be accessible because the bond dissociation energy of ArF* is very high
(49 kcal/mol) [16]. The first IE of fluorine (17.422 eV) is higher than that of argon
(15.759 eV) which means that ArF* dissociates into Ar* and E. It is probably the
choice of a very weakly coordinating anion and the difficult experimental con-
ditions which until now frustrated the synthesis of stable salt compounds with
the cation ArF* which therefore remains a challenge to experiment.

Because the experimental approaches to synthesize a noble gas compound
which were finally successful for xenon and krypton failed for argon, it was be-
lieved for a long time that the lighter noble gas elements neon and particularly
helium would be the eternal guardian of the nobility of the group eight elements.
In 1988 we published our work on NGBeO (NG=He, Ne, Ar) which showed that
the light noble gases form unprecedentedly strong donor-acceptor bonds with
the Lewis acid BeO [3c]. As mentioned above, after careful analysis of the nature
of the chemical bonding we had to recognize that the NG-BeO bond is not a true
chemical bond but rather a strong van der Waals interaction. It seemed at that
time that both approaches, i.e. electron attraction by a very electronegative ele-
ment such as fluorine and donor-acceptor interactions with a strong Lewis acid,
would not become successful in experimental attempts to isolate stable com-
pounds of He, Ne, Ar. The only possible way might be salt compounds of ArF*.
Quantum chemical calculations of ArF, predicted that the molecule is a very
weakly bonded van der Waals complex [17]. What else could be expected? Light
noble gas chemistry appeared to be a dead area for inorganic chemists.

3
The Electronic Structure of HArF

The nature of the chemical bonding in a molecule can either be analysed by in-
specting the electronic structure in the interatomic region, or by an energy de-
composition analysis of the interatomic interaction energy. Numerous parti-
tioning techniques have been suggested with the aim to provide information
about the strength of the two principle components of chemical bonding, i.e. elec-
trostatic and covalent interactions, and to elucidate the degree of multiple bond-
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ing in molecules which have m or § bonds. It should be kept in mind that the
results of such an analysis are no observable quantities and they cannot be ver-
ified or falsified by experimental methods. The value of the methods can only be
judged by the finding that they are useful to classify different chemical bonds in
a consistent way. All methods have their strengths and pitfalls which shall not be
discussed here. We have chosen one method for analysing the electronic struc-
ture and one for the interaction energy of HArF which we consider to be very
useful for the purpose. In the following we will first discuss the electronic struc-
ture followed by the energy analysis which will be given in the next section.

The method which we considered most useful for analysing the electronic
structure is the topological analysis of the electron density distribution It was
developed by Bader [18] and therefore it is also called Bader analysis. An impor-
tant quantity in the Bader analysis is the second derivative of the electron den-
sity distribution V2p(r) which is called Laplacian distribution. The Laplacian dis-
tribution is a much more sensitive probe for changes in the valence shell of an
atom which are caused by interatomic electronic interactions than the electron
density distribution p(r). This can be nicely shown in graphical displays of con-
tour line diagrams of V2p(r).

Figure 1 shows the contour line diagrams V?p(r) of the molecules ArF, ArH and
HATF. Solid lines indicate areas of charge concentration (V2p(r)<0) while dashed
lines show areas of charge depletion (V?p(r)<0). We begin the discussion with
ArF Figure la shows that the argon atom has a circular shaped area of charge
concentration which is practically undisturbed by the fluorine atom. The latter
atom has an area of charge concentration which shows maxima in the direction
that is perpendicular to the bonding line. The maxima come from the lone elec-
tron pairs of the doubly occupied p(m) AOs of F which has a singly occupied p(o)
AO. The shape of the atomic Laplacian distributions of Ar and F in ArF is essen-
tially the same as in the free atoms. Thus, the contour line diagram of V2p(r) of
ArF suggests that there are only very weak interatomic interactions. This is in
agreement with the very long calculated bond length (4.468 A) and with the the-
oretically predicted low bond dissociation energy (D.=0.14 kcal/mol). There is no
doubt that ArF is a weak van der Waals complex and not a chemically bonded
molecule. It should be noted, however, that neither the bond length nor the bond
dissociation energy are reliable probes for addressing the question if the inter-
atomic interactions should be classified as chemical bonding or as van der Waals
forces.

A similar situation is found for ArH. Figure 1b shows that the argon and hy-
drogen atoms have circular shaped areas of electron concentration in the valence
shell. Like ArF, ArH is a van der Waals complex which has a long (3.564 A) and
weak (D.=0.03 kcal/mol) bond. The picture is completely different when the
Laplacian distribution of HArF is considered. Figure 1c shows that there is a con-
tinuous area of charge concentration (V2p(r)<0, solid lines) between the hydro-
gen and argon atom. The valence shell region of both atoms is strongly distorted
towards accumulated charge concentration in the bonding region. There is a dra-
matic difference between the Laplacian distributions of the Ar-H bonds of ArH
(Fig. 1b) and HArF (Fig. 1c). However, the Laplacian distribution of the Ar-F
bonding in the latter molecule also exhibits significant differences when it is
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Fig. 1 Contour line diagrams V?p(r) of the molecules ArF, ArH and HATrF. Solid lines indicate
areas of charge concentration (V2p(r)<0) while dashed lines show areas of charge depletion
(V2p(r)>0)

compared with ArF (Fig. 1a). The fluorine atom in HArF has a circular shaped
area of charge concentration which does not have those local maxima that are
clearly exhibited by the fluorine atom of ArE The isotropic charge concentration
of the fluorine atom in HArF suggests that additional electronic charge has been
donated yielding an F~ anion. The conclusion is supported by the calculation of
the atomic partial charges of HArF which gives a value q(F)=-0.76. The atomic
partial charges of the other atoms are q(H)=+0.22 and q(Ar)=+0.54. The Lapla-
cian distribution and the calculated charges indicate that the HAr-F bond is
mainly electrostatic which can be written as HAr*-F~ and that the H-ArF bond
is mainly covalent. Is it possible to quantify the results about the nature of the
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bonding in HArF more accurately? In the next section we will show that this is
indeed the case.

4
Energy Partitioning Analysis of HArF

The method which we employed for analysing the bonding energy in HArF has
been developed by Morokuma [19] and independently by Ziegler [20]. The cen-
tral quantity of the bonding analysis is the instantaneous interaction energy AE;
between the bonding fragments. It is calculated as the energy difference between
the optimised molecule and the fragments with the frozen geometries of the
complex. The choice of the fragments is given in the discussion of the results. The
interaction energy AE;, can be divided into three main components:

AEint = AEelstat + AEPauli + AEorb (1)

The three terms AE ., AEp,; and AE ;, can be interpreted in a physically mean-
ingful way. AE,, gives the electrostatic interaction energy between the frag-
ments which are calculated with the frozen electron density distribution of A and
B in the geometry of the complex AB. The second term in the equation, AEp,;,
refers to the repulsive interactions between the fragments which are caused by
the fact, that two electrons with the same spin cannot occupy the same region in
space. The term comprises the four-electron destabilizing interactions between
occupied orbitals. AEp,; is calculated by forcing the Kohn-Sham determinant of
AB, which results from superimposing fragments A and B, to obey the Pauli prin-
ciple by antisymmetrization and renormalization. The stabilizing orbital inter-
action term, AEy,, is calculated in the final step of the ETS analysis when the
Kohn-Sham orbitals relax to their optimal form. This term can be further parti-
tioned into contributions by the orbitals which belong to different irreducible
representations of the interacting system. It is thus possible to estimate the
stabilizing contributions which come from orbitals having o, 0 or § symmetry.
The method has been used in a systematic investigation of different types of
chemical bonds between atoms across the periodic system [21]. The results have
recently been summarized in a review [22]. Details about the method are found
in these publications.

Table 1 shows the results of the energy partitioning analysis of HArF. First
we discuss the energy components of the interactions between H and ArE The
calculated total interaction energy is AE;,=-33.6 kcal/mol. The largest compo-
nent is the repulsive Pauli term AEp, ;;=136.5 kcal/mol. The two stabilizing forces
are the electrostatic attraction whose strength is AE,,=-62.1 kcal/mol and the
covalent orbital term AE,;,=-107.9 kcal/mol. Thus, the energy decomposition
analysis suggests that the H-ArF bond is 36.5% electrostatic and 63.4% covalent.
The larger energy contribution of the covalent term is in accord with the con-
clusion that was drawn from the analysis of the electron density distribution.

The HAr-F interaction energy has been analysed in two different ways. First
we considered the fragments HAr" and F~ because the above results of the elec-
tronic structure suggests that the fragments are highly charged and that the flu-
orine moiety has a closed-shell configuration. Table 1 shows that the total inter-
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Table 1 Results of the energy decomposition analysis of HArE. The energy values are given in
kcal/mol

Term H+ArF HAr*+F- HAr+F

AE,, -33.6 -172.7 -75.2

AEp,ui 136.5 88.5 65.2

AE gt -62.1 (36.5%) -183.1 (70.1%) -24.7 (17.6%)
AE 2 -107.9 (63.4%) -78.1 (29.9%) -115.7 (82.4%)
A, -103.6 (96.0%)° -69.6 (89.1%)® -111.4 (96.3%)°
A, 0.0 0.0 0.0

B, -2.2 (2.0%)P 0.0 -2.2 (1.9%)

B, -2.2 (2.0%)° -8.4 (10.9%)°® -2.2 (1.9%)

2 The value in parentheses gives the percentage contribution to the total attractive interactions.
b The value in parentheses gives the percentage contribution to the total orbital interactions.

action energy AE;,,=-172.7 kcal/mol is very large. The largest component of AE;
is the electrostatic attraction AE,=-183.1 kcal/mol which is significantly larger
than the attractive orbital interaction term AE.;=-78.1 kcal/mol. Thus, the
energy partitioning analysis suggests that the chemical bonding between HAr*
and F~ is 70.0% electrostatic and 30.0% covalent. The covalent bonding comes
mainly from o orbitals (89.2%) while the T interactions are much less important
(10.8%).

We also analysed the argon-fluorine bonding in HArF using the neutral frag-
ments HAr and F as interacting moieties. Table 1 shows that the energy par-
titioning analysis of the latter gives a significantly different picture of the nature
of the chemical bonding. The value of the interaction energy AE;,,=-75.2 kcal/mol
is clearly lower than for the charged fragments. More important than this are the
values for the attractive components. The bonding analysis in terms of neutral frag-
ments gives a much larger value for the covalent bonding AE,,=-115.7 kcal/mol
than for the electrostatic attraction AE,,=-24.7 kcal/mol. The conclusion is that
the bonding between neutral fluorine atom and HAr in HArF is largely covalent.
The results demonstrate that the choice of the fragments is crucially important
for the results of the energy partitioning analysis, which is not very surprising.
The topological analysis of the electron density distribution shows clearly that
the interacting fragments of HArF are HAr* and F. The energy partitioning
analysis shows that the latter interactions are mainly electrostatic. This is not a
trivial result! It has been shown before that the choice of charged fragments does
not necessarily lead to higher degree of electrostatic bonding. The charges have
a strong influence on the energy levels of the orbitals which may enhance the or-
bital interactions more than the electrostatic interactions [21a].

Finally we want to point out that the strong electronic interactions in HArF
which are revealed by the charge and energy analyses do not become obvious by
the calculated bond dissociation energies (BDEs). Note that the calculated inter-
action energies AE; which are given in Table 1 have been calculated using the
frozen geometries of the diatomic fragments. The theoretically predicted BDEs
which are calculated using the optimised geometries of the fragments are much
lower. The calculated value of the H-ArF bond is only D.=2.2 kcal/mol and
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the BDE of the HAr-F bond is D.=2.3 kcal/mol. The dissociation reaction
HArF—Ar+HF is even exoenergetic with D,=-137.6 kcal/mol. The barrier for the
latter dissociation reaction is sufficiently high, however, to stabilize the molecule
that it can be isolated in a low-temperature matrix. High-level calculations by
Wong predict that the activation energy is AE¥=28.0 kcal/mol [23].

5
Epilogue

Christian Klixbull Jorgensen had the unusual ability to combine physical insights
into the structure of atoms and molecules with chemical models that are useful
for a qualitative ordering scheme of heavy atom molecules. He had a profound
knowledge of physics and physical chemistry which enabled him to explain
chemical observations with physically sound models. The theoretical research
which is described above would be approved by him, because the results consist
not only of numbers but the data are part of a bonding analysis which strives at
giving insight into the mechanism which leads to a chemical bond. The trick
which was used by Khriatchev et al. [7] to force argon into a chemical bonding
was to combine two different interatomic interactions, i.e. Ar-H and Ar-F inter-
actions, which only together lead to the desired goal. This can be recognized by
the topological analysis of the electron density distribution. The energy parti-
tioning analysis makes it possible to give a quantitative estimate of those im-
portant contributions to the interatomic interactions which had previously been
discussed only qualitatively. CKJ would have been pleased.

6
Methods

The geometries of the molecules have been optimised at the MP2/6-311G(d,p)
level using Gaussian 98 [24]. The nature of the stationary points on the potential
energy surface was investigated by calculation of the Hessian matrices. All re-
ported structures are energy minima. Bond dissociation energies have been cal-
culated at the CCSD(T)/cc-pVQZ level using MP2/6-311G(d,p) optimised
geometries.

The energy decomposition analysis was performed at the non-local DFT level
of theory using the exchange functional of Becke [25] and the correlation func-
tional of Perdew [26] (BP86). Scalar relativistic effects have been considered using
the zero-order regular approximation (ZORA) [27,28]. Uncontracted Slater-type
orbitals (STOs) were used as basis functions for the SCF calculations [29]. The
basis sets for all atoms have triple-zeta quality augmented with one set of d-type
and one set of f-type polarization functions for carbon and one set of p polar-
ization functions for hydrogen. This is denoted TZ2P. The (1s2s2p)'® core elec-
trons of argon and the 1s* core electrons of carbon were treated by the frozen core
approximation [30]. An auxiliary set of s, p, d, f and g STOs was used to fit the
molecular densities and to represent the Coulomb and exchange potentials ac-
curately in each SCF cycle [31]. The energy decomposition analysis was carried
out using optimised geometries at the BP86/TZ2P level of theory. The calculated
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bond lengths at BP86/TZ2P and MP2/6-311G(d,p) are very similar. The BP86/TZ2P
calculations were carried out with the program package ADF(2000.02) [32, 33].
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Abstract This work reports the results of an investigation of the spectroscopic properties of
trivalent praseodymium (Pr**) in barium yttrium fluoride (BaY,F;). Two doping concentra-
tions were used: BaY,FgPr’* (0.3%) and BaY,Fg:Pr’* (1%). Absorption spectra, taken at 77
and 300 K, allowed the placement of the energy levels of the 4f electronic configuration of Pr’+.
Luminescence spectra were obtained with transitions originating mainly in the metastable
levels *Py, 'D,, and *F;. Time-resolved spectroscopy was used to clarify the assignment of several
spectral lines.

The lifetimes of both *Py and 'D, were found to be essentially independent of concentration
and temperature with values of 55 and ~250 ps respectively, in the temperature range 77 to
500 K. In the same temperature range, the lifetime of the 3F; level was found to vary from 23 ms
at 77 K to 5 ms at 500 K. The effects of temperature on the widths and positions of several spec-
tral lines originating in the *P; and 'D, levels were studied. The mechanism of Raman scatter-
ing of phonons fitted the observed results with an effective Debye temperature of 500 K.
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List of Abbreviations

IR Infrared
UV Ultraviolet

1
Introduction

The praseodymium ion in its trivalent state is a very good representative of the
entire class of rare earth ions and of the complex spectroscopic properties that
they exhibit when placed in a host lattice. As a system, it presents an intricate en-
ergy level scheme, energy gaps of various sizes that foster a competition between
radiative and nonradiative transitions, several metastable states emitting multi-
colored light, and host dependence of its spectroscopic parameters. Its spectral
properties include laser emission [1],infrared quantum counting [2], upconver-
sion [3], avalanche effect [2, 3], and photon splitting [4].

The present work deals with trivalent praseodymium (Pr**) in barium yttrium
fluoride (BaY,F;). This crystal is monoclinic, and, as such, should completely
split all of the energy levels of Pr**. BaY,F:Pr** has lased as reported in [5]. The
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motivation for this investigation is to characterize spectroscopically this laser
system.

The treatment of the electronic configurations of rare earth ions in spherical
symmetry is presented in great detail in the book by Reisfeld and Jergensen [6].
The electronic configuration of the ion Pr’* is [(closed shells)+4f?]. The total
number of 4f> quantum states is 91. The electron-electron interaction creates the
LS terms °H, *F, 'G, 'D, 1, °P, and 'S. The spin-orbit interaction splits the LS terms
into J sublevels, but mixes states with the same ] and different L and S. Because
of this term mixing, there are departures from the Landé interval rule. The crys-
talline field splits the J levels. An energy level scheme of the Pr** ion is presented
in Fig. 1.

2
Experimental

2.1
Samples Studied

The samples investigated in this work were barium yttrium fluoride (BaY,Fy)
crystals doped with praseodymium (Pr’*). Two doping concentrations were stud-
ied: 1% and 0.3%. These crystals were grown using the Bridgman-Stockbarger
method at the Institute of Crystallography of the Russian Academy of Sciences.

BaY,F; belongs to the space group C°,, and has B-BaY,F; structure.
Praseodymium substitutes for yttrium with no charge compensation and sits in
a site with symmetry C, This site is non-centrosymmetric, which means that the
Judd-Ofelt theory may be applied to this system. The concentration of Y is
1.28x10%*/cm® The unit cell parameters are a=0.6972 nm, b=1.0505 nm,
¢=0.4260 nm, and $=99.4 °. The phonon spectrum extends up to 415 cm™.

The samples were both cubic in shape, with edges approximately 5 mm long.
One of the physical axes of the cube was aligned with the c-axis of the crystal, but
unfortunately the other axis did not correspond to either of the other crystallo-
graphic axis. This, however, did not present any difficulties in the spectroscopy
of the crystals because all excitation, and all detection, were unpolarized.

2.2
Absorption Measurements

The absorption spectra were obtained using a Perkin-Elmer Lambda 9 spec-
trophotometer. This apparatus uses a tungsten-halogen light source for the
visible and infrared regions, a photomultiplier tube for detection of the visible
spectra,and an uncooled lead-sulfide detector for the infrared spectra. The spec-
trophotometer was controlled with an IBM AT personal computer, which also
served to record the data. The sample was placed in a Dewar. Absorption spec-
tra were obtained in the ranges 400-500 nm, 560-610 nm, 950-1050 nm,
1,350-1650 nm and 1850-2450 nm at both room temperature (300 K) and at lig-
uid nitrogen temperature (77 K). These ranges correspond to transitions from the
*H, ground state to the levels °P,,P,, "I and *P, (400-500 nm), ' D, (565-615 nm),
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1G, (950-1050 nm), °F, and 3F; (1350-1650 nm), and °F, and *H, (1850-2450 nm).
Due to its limitations, the spectrophotometer would not allow the absorption to
the *H; level (at approximately 5 pum) to be measured.

23
Continuous Luminescence Measurements

Three different light sources were used to excite the samples. The source most
used was an Omnichrome model 532 argon-ion laser powered by an Omni-
chrome model 150 power supply. Also used were an ILC model LX300F xenon
lamp and a Sylvania DVY 650 Watt sun gun. The output of the source was gen-
erally filtered so that a specific energy level of the sample could be populated, and
then focused onto the sample. The sample was housed in either a Janis Research
model ST-4 cryostat for measurements in the temperature range 77-300 K, or a
quartz furnace wound with a Ni-Cr ribbon for temperatures above 300 K. For low
temperature measurements, the air in the cryostat was evacuated, and liquid ni-
trogen was forced into a chamber around the sample holder. The temperature of
the sample was monitored and controlled with a Lake Shore Cryogenics model
805 temperature control unit.

The resulting luminescence, which was observed at 90° from the exciting
axis, was then chopped at 250 Hz with a Bulova L-40-C tuning fork and focused
onto the entrance slit of a McPherson model 2051 1-m monochromator.
The monochromator has a 600 groove per millimeter grating blazed at 1.25 p.
Most of the linewidth data were taken with slit sizes of 50 p which gave a resolu-
tion of <5 A. The monochromator was controlled via a McPherson model 789A-3
scan control unit which allows scan speeds from 0.1 A/min to 1000 A/min. The
signal emerging from the monochromator was detected with either a Mitsubishi
4667 photomultiplier tube (400-800 nm), a Mitsubishi 7102 photomultiplier
tube (600-1000 nm) or an Optoelectronics model OTC-22-5 PbS infrared detec-
tor. The IR detector, which comes packaged in a T0-5 canister, contains a ther-
moelectric cooler. The TO-5 canister was placed on a copper heat sink in order
to prevent small temperature fluctuations. Its temperature was controlled by an
Optoelectronics model PN-11454 temperature control unit. The output of the IR
detector was then sent to an Optoelectronics model PN-11598 IR preamplifier.
After detection, the signal was amplified with a Princeton Applied Research
model 122 lock-in amplifier that used the chopping frequency as a reference. The
output of the lock-in amplifier was sent to a Data Translation DT2811-PGL ana-
log to digital converter board that is installed in a Thinkmate 386SX personal
computer.

For this work, a Hoffman Engineering Corporation model S80-17 standard
black body lamp was used as the standard reference source. This lamp was cali-
brated so as to emit radiation which followed the Planck formula for a black body
of T=2856 K when supplied with an electric potential of 16.03 V and a current of
4.75 A. The observed spectra could then be compared with the theoretical spectra
for this black body, and a “correction” curve could be calculated. This “correction”
curve could then be used to calculate the “true” spectra of a sample from the
observed data. This also allowed the relative intensities and integrated intensities
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of various transitions to be calculated and compared, even when they were taken
with different detectors.

2.4
Lifetime Measurements

Responses to pulsed excitation and time-resolved spectra were obtained by using
the same excitation source, a Molectron model DL-II Tunable Dye Laser which
was pumped with a Molectron model UV12 Pulsed Nitrogen Laser. The nitrogen
laser provided pulse widths of 10 ns with a repetition rate of up to 30 Hz. Dyes
used included Coumarin 480 and Coumarin 600. These dyes lase in the ranges
430-500 nm and 560-640, with maximum output at 480 and 600 nm, respectively.

The sample was housed in the Janis cryostat and its temperature was moni-
tored and controlled as before. The luminescence was passed through a filter in
order to observe a specific transition, and then focused onto the appropriate
detector for the transition being monitored. The output of the detector was sent
to a Tektronix model 2232 Digital Storage Oscilloscope which was triggered via
areference pulse sent from the nitrogen laser. The decay of the fluorescence was
averaged over several hundred pulses and the result is stored in the oscilloscope’s
memory. The contents of the memory were then downloaded to the computer via
Tektronix’s Wavesaver software.

In the time-resolved spectroscopy the resulting luminescence was passed
through a monochromator and detected with one of the previously mentioned
detectors. The output of the detector was sent to a PAR model 105 Boxcar Inte-
grator which uses a signal from the nitrogen laser as a reference. The boxcar
integrator allows the signal from the detector to be monitored at a set amount of
time after the reference pulse. Then, by adjusting the time delay on the boxcar
integrator, spectra at different times after the excitation can be taken. Spectra
taken in this way can show how the various lines develop over time. The output
of the boxcar is then sent to the A/D board and digitized.

3
Results and Discussion

3.1
Absorption Data

The absorption spectra of BaY,Fg:Pr** were obtained at two temperatures: 300
and 77 K. The spectral region covered was 430-2400 nm. All the J levels were iden-
tified. Figure 2 gives a part of the entire spectrum covering the manifolds *P,, °P,,
3P,,and I,

There was no difference between the spectra of the two samples used, apart
from the fact that the spectra of the sample with the higher concentration of Pr3*
were more intense. It is worth commenting on the usefulness of the level *Py, a
singlet. Some weak lines on the low energy side of the main sharp line are due to
transitions from the excited sublevels of the ground *H, multiplet. The higher
energy side of °P, is clear of any absorption line for ~10 nm that in this spectral



198 B. E. Bowlby - B. Di Bartolo
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region correspond to ~450 cm!. This may lend itself to the observation of
vibronic lines in the excitation spectrum of a transition from, say, °P, to *H,. This
method has actually been used by Moune et al. [7] to investigate the phonon spec-
trum of YPO, (doped with Pr®*).

The absorption spectra that we have obtained contain a lot of detailed infor-
mation that we have reported in another paper on the applications of the Judd-
Ofelt theory to the praseodymium ion in solids [8]. In this regard it is worth not-
ing the usage of the Judd-Ofelt theory made by Antipenko in a system of BaYb,Fs
doped with rare earth ions [9]. In particular, he reports that the predictions of
this theory regarding electric dipole transitions of the praseodymium ion are
rather poor on account of the low energy position of the levels of the 4£°d con-
figuration.

3.2
Luminescence Data

The emission spectra of BaY,Fg:Pr’* were found to originate mainly from the °P,
ID,, and °F; levels. The excitation of the *P, level did not pose any problem
because several of the argon laser lines matched the absorption peaks of the
manifolds *P,, I, and *P,. We chose to excite the P, level by using the argon laser
output filtered to allow only the 457.9 nm emission to reach the sample, result-
ing in the excitation of a sublevel of *P,.

The emission spectra originating from the P, level can be associated with
transitions from P, to the multiplet levels *H,, *Hs, *Hg, °F,, °F5, and °F,. The emis-
sion related to the *Py—?H, transition is reported in Fig. 3.

Emission from the 'D, level was more difficult to obtain. Because of the very
low radiative or nonradiative *P,—'D, transition rates, excitation by the argon
laser was not suitable. Other sources were tried, including a Sylvania sungun and
a xenon lamp. However, we found that the best excitation for observing the emis-
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sion from the 'D, level was provided by the dye laser using the dye Coumarin 600.
The reference signal from the (pulsed) dye laser was sent to the boxcar integra-
tor that provided the relevant electronic output.

The emission spectra originating from the 'D, level can be associated with
transitions from 'D, to *H,, *Hs, *Hg, °F,, 3F, and F,. The emission related to the
'D,—*H, transition is reported in Fig. 4.

No luminescence originating in the 'G, level was observed under the excita-
tion conditions that allowed the observation of the emission from levels *P, and
'D,. As pointed out by Antipenko [9], on account of the large energy gap between
!G, and the level above it, radiationless transitions terminating on 'G, are highly
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improbable and, as such, do not represent an effective mechanism for pumping
!G,. On the other hand, it is possible to observe emission from 'G, in the
1.3-1.5 pm spectral region by exciting this level directly, as proven by Garapon
et al. [10], who made this observation in a variety of systems. The experimental
conditions of our apparatus did not allow us the direct excitation of the level !G,.

The only other manifold that displayed luminescence was *F; and obtain-
ing the emission spectra was relatively easy. Because of the radiative and non-
radiative pathways available, it was possible to excite the °F; manifold by using
the argon laser. This time, however, the unfiltered output of the laser was used
to excite the sample. As the upper levels relaxed, the °F; level was excited and
then, in turn, relaxed to the lower levels in a cascade-type of sequential transi-
tions.

Table 1 Energy levelsof BaY,Fg:Pr’*

(S,L,]) Energy levels (cm™) Sub- Sub- AE
levels levels  (cm™)
(theor)  (exp)
p, 22836, 22727,22650,22563,22472 5 5 364
3P+l 21906, 21777,21603,21482,21349 16 5 557
3P, 20838 1 1
D, 17337, 17271, 16975, 16750 5 4 587
G, 10485, 10425,10359,10335,9978,9747,9725 9 7 760
F, 7254,7181, 7144,7112,7053,6975, 6949, 6929, 6861 9 9 393
3F, 6704, 6672, 6629, 6543,6512,6427,6336 7 7 368
°F, 5344, 5285, 5186, 5159, 5049 5 5 295
3He 4471,4413, 4388,4363,4327,4319, 4220 13 6 251
*H, 2748, 2415, 2255,2224,2110 11 5 638
SH, 638,249, 84,0 9 4 638
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The emission spectra originating from the °F; level can be associated with
transitions from 3F; to *H, (see Fig. 5). Combining the absorption data with the
emission data led us to the energy levels for Pr** in BaY,F; reported in Table 1.

3.3
Response to Pulsed Excitation Data

Next we examine the response of the 3P level to pulsed excitation. Two types of
measurements were performed - lifetime measurements and time resolved spec-
troscopy. The lifetime vs temperature graph of the *P, level for both samples is
given in Fig. 6. The samples were excited with the dye laser using Coumarin 480.
The lasing wavelength was 480 nm and the emission was monitored at 609 nm
(the °Py—’Hg transition). All decay patterns were exponential. The lifetime of the
*P, level appears to be temperature independent in the temperature range mea-
sured, and to have a value of approximately 55 pus for both samples. The fact that
the lifetime is independent of the temperature in this regime is not unexpected.
The energy difference between the *P; and the next lower lying level, the 'D,, is
over 4000 cm™. Since the phonon spectrum extends to only about 415 cm™}, at
least ten phonons would be needed to bridge this energy gap, a very unlikely
event. *P lifetime measurements were also performed on emissions from the *P,
level (at 465.9 nm), but the lifetime of this level was found to be identical to that
of the *P, level, leading us to believe that thermalization is occurring between
these two manifolds.

Time resolved spectra of the *P;—°H, transition in BaY,Fg:Pr3* (0.3%) at 300 K
are shown in Fig. 7. The delay after the excitation ranged from 20 us (top spec-
trum) to 140 us (bottom spectrum) with a step size of 20 ps. Excitation was with
the dye laser using Coumarin 480 and a lasing wavelength of 480 nm. Other tran-
sitions that were studied were those from the *P level to the *Hg, °F,, and 3F, man-
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ifolds. Once again, these were taken at room temperature with excitation at
480 nm. In all these spectra we see the intensity of fluorescence decrease with
time with no sign of any energy transfer mechanisms.

Moving on to the response of the 'D, manifold to pulsed excitation we find
that, similar to the *P, level, the lifetime of the !D, manifold appears to be essen-
tially temperature independent for both samples. The measured lifetime was ap-
proximately 250 ps. The lifetime vs temperature graph for both samples is shown
in Fig. 8. The samples were once again excited with the dye laser, this time using
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Coumarin 600 and a lasing wavelength of 589 nm. Emission was monitored at
597 nm. Again, the fact that the lifetime of the !D, level is independent of tem-
perature is not surprising. Here, the energy difference between this level (the 'D,)
and the next lower level (the !G,) is 6000 cm™, even greater than the previous
case. Again, multiphonon processes bridging this gap are very improbable.

The other level to decay radiatively is the *F; level. Emission was seen origi-
nating from this level and terminating on the *H, ground state. Unlike the pre-
vious cases, the lifetime of the *F; level shows a strong temperature dependence.
Excitation in this case was again at 480 nm using the dye laser and Coumarin 480.
This excited the *P, level, which then decayed through various channels to the *F,
level. Emission was monitored at 1580 nm. The lifetime vs temperature graph for
both samples is given in Fig. 9. We see that the lifetime varies from 23 ms at 77 K
to about 5 ms at 500 K.

3.4
Thermal Effects on Spectral Lines

We investigated the temperature dependence of the linewidth and position of
several radiative transitions. For these studies we chose the most intense lines in
the 3P,—°H,, *Hg, °F,, and 'D,—*H, transitions. We report in Figs. 10 and 11 on
the temperature dependence of width and position of a >P;—*H, line and in
Figs. 12 and 13 on the temperature dependence of similar parameters of a
'D,—3H, line.

We fitted the experimental data for all the lines by assuming that the thermal
width is mainly determined by the Raman scattering of phonons [11].In such a
model, two adjustable parameters are used: «, a coefficient that gives a measure
of the coupling of the ion with the phonon spectrum, and Ty, the Debye tem-
perature. These parameters for all the lines examined are reported in Table 2.
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Fig. 10 Width of a ’P;—°H,
line of BaY,Fg:Pr** in the
temperature range 77 to
600 K. A, ,=457.9 nm (argon
laser)

Fig. 11 Position of a
3Py—>Hg line of BaY,Fg:Pr3+
in the temperature range
77 to 600 K. A,.=457.9 nm
(argon laser)
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Table 2 Linewidth parameters

Transition Ey (cm™) o (cm™) Tp (K)
3py—°H, 13.5 195 500
3p,—H, 5.9 261 500
3p,—F, 10.5 150 500
1D,—*H, 10 350 500

Table 3 Lineshift parameters

Transition a (cm™) Tp (K)
3p—H, 45 500
3p,—H, -40 500
3P,—F, -11 415
1D,—%H, -16,-20 415

We also fitted the thermal change of the position of each line by assuming a
mechanism by which the ion emits and re-absorbs virtual phonons [11]. In such
a model, again two adjustable parameters are used: &, different from o above, a
coefficient that depends on the coupling of the ion with the phonon system, and
Tp, the Debye temperature. We should note that, while « is intrinsically positive,
& may be positive or negative, as shown in Table 3 where we report on the ther-
mal shifts of all the lines examined.

Examining first the line width vs temperature data, we found that a Debye tem-
perature of 500 K characterizes all four transitions. This is very close to the re-
ported cutoff of the phonon spectra of barium yttrium fluoride (415 cm™! or
about 600 K). Values for o ranged from 150 to 350. All transitions had a residual
line width of about 10 cm™! (5.9 cm™! to 13.5 cm™). Also, the agreement between
theory and experiment is very good, as can be seen from the figures.

Looking next at the position vs temperature data, we found that there is a ther-
mal “blue shift” for the transition *P;—>H, in both samples. This phenomenon has
been reported previously for praseodymium in other hosts [12]. The emissions
from the *P level to the *Hg and *F, levels, on the other hand, show a thermal red
shift. Similarly, the 'D,—°H, emission line shows a red shift with increasing tem-
peratures, with the 1% sample showing a somewhat greater shift.

Numerically, we find that a Debye temperature of 500 K gives the best fit for
the *P—*H, line position vs temperature data. Here, as noted previously, we have
a “blue shift” with increasing temperature and a value of 45 for &. Likewise, the
line position vs temperature data for the *Py—°Hj transition is best represented
by a Debye temperature of 500 K, but with an & value of -40. The line position
vs temperature data for the other two transitions, *P,—°F, and 'D,—H,, are best
characterized by a Debye temperature of 415 K, much less than the 415 cm™ (ap-
proximately 600 K) given as the phonon cutoff energy. The amount of shift, af-
fected by & is also smaller for these transitions, with values ranging from -11 to
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-20. Also, the line position of the 'D,—*H, transition shows a difference with con-
centration of about 3 cm™ at all temperatures with the 1% sample having the
higher energy.

4

Conclusions

We have conducted a detailed investigation of the absorption and emission prop-
erties of the Pr®* ion in BaY,F;. We now list our conclusions:

1.

10.

11.

We have identified the levels responsible for the spectroscopic properties of
this system with the three levels *Py, 'D,, and *F; mainly responsible for the
emission properties.

. The lifetimes of the levels °P, and D, were found to be essentially indepen-

dent of temperature and not affected by the variation of Pr** concentration
(0.3% or 1%).

. In accordance with point 2 above, nonradiative decay processes do not affect

the lifetimes of *Py and 'D,, and their values should be considered due entirely
to radiative processes.

. The lifetime of the °F; level was found to be dependent on temperature, on

account of the smaller energy gap between the °F; level and the next lower
level, 3F,.

. In order to observe the luminescence originating in the °P, level, the system

had to be excited in the spectral region above °P, where the P}, 'I;, and °P,
levels reside. From these levels the excitation quickly reached *P,. Under these
conditions of excitation, no luminescence originating from the 'D, level is
observed.

. Luminescence originating from the *P, level was observed at 300 K, but not

at 77 K, giving additional proof of the thermalization of the levels above P,
with the *P, level.

. In order to observe the luminescence originating in the 'D, level, the system

had to be excited in the same level. Under these conditions of excitation, no
luminescence originating in the 3F; level was observed.

. For the excitation of the F; level, we had to rely on the radiative transitions

3P,—°F, and *P;—°F;, which populate the °F; level, following the laser exci-
tation of level °P,

. The thermal dependence of the widths and positions of the most prominent

spectral lines were adequately explained by using a simple model which
postulates nonlinear interaction between the optically active ion and the
phonons distributed according to a Debye law.

The Debye temperature used to fit the thermal dependence of the spectral
line parameters was 500 K, corresponding to a phonon cutoff at ~330 cm™.
It should be interesting to investigate the effective phonon spectrum by using
the method outlined in Sect. 2.2.

The investigation of BaY,Fg:Pr’* has brought to our attention the interesting
spectral features of the Pr** jon in this system, and may contribute to validate
the renewed interest in this laser ion.
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Paris et Grenoble, Mai 1969, Les éléments des terres rares, Paris, 2 (1969) p. 181-186.
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Absorption Spectrum of Manganese(ll) Diethylenetriamine Complexes.
Inorg. Chim. Acta, Padova, 3 (1969) p. 313-314.
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Chemical Physics Letters, Amsterdam, 5 (1970) p. 202-204.
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Photoelectron Spectra of Uranium (V) in Mixed Oxides Showing Characteristic Satellite Signals
(with C. Keller).
Chemical Physics Letters, 32 (1975) p. 397-400.
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and H. Berthou).
Chimia, 30 (1976) p. 540-544.
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Chemical Physics Letters, 45 (1977) p. 1-5.
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Electronic Structure, Fluorescence and Photochemistry of the Uranyl lon, and Comparison with
Octahedral Uranium(VI), Ruthenyl(VI), Rhenium(V) and Osmium(VI) Complexes.
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Spectroscopy (with H. Berthou).
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Inadequate Models of Stereochemistry Based on Kimball Spheres and Pauli's Exclusion Principle.
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Photo-electron Spectra of Solid Samples.
Fresenius Z. analyt. Chem., 288 (1977) p. 161-170.

Molecular Orbital Studies of the Electronic Structure of Lanthanide Complexes, II: lonization
Ener%ies and Satellite Structure in Inner Shell Photo-electron Spectra of LaFs, CeFs, PrFs; NdF;,
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Kossel Isoelectronic Series and Photoelectron Spectra.
Adv. Quantum Chem., 11 (1978) p. 51-91.

Predictable Quarkonium Chemistry.
Structure and Bonding, Berlin, 34 (1978) p. 19-38.

Luminescence of Uranyl lons in Phosphate Glass and Phosphoric Acid, Spontaneous Reduction to
Uranium(1V) and New Description of the Electron Transfer Bands (with N. Lieblich-Sofer and R.
Reisfeld).
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Synthése et caractérisation du phosphate de hafnium comme échangeur d'ions (with M. G. Simona
and L. R. Balsenc).
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The Influence of Nitrate and Other Anions on the Absorption Spectra of Palladium(ll) (with V.
Parthasarathy).
Acta Chem. Scand., A 32 (1978) p. 957-962.

Excited States of the Uranyl lon.
Journal of Luminescence, 18 (1979) p. 63-68.
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Theoretical Chemistry of Rare Earths.
Handbook on the Physics and Chemistry of Rare Earths (eds. K. A. Gschneidner and LeRoy
Eyring) Vol. 3, North-Holland, Amsterdam (1979) p. 111-169.

The Periodical Table and Induction as Basis of Chemistry.
J. Chim. Physique, 76 (1979) p. 630-635.

Le Pionnier Solitaire Marignac.
Centenaire de I'Ecole de Chimie 1879-1979 (ed. P. Miiller) Section de Chimie, Université de
Geneve (1979) p. 9-16.

La Chimie Minérale, Chimie Analytique et Chimie Physique-Oscillations et Redéfinitions & Genéve.
Centenaire de I'Ecole de Chimie 1879-1979 (ed. P. Miiller) Section de Chimie, Université de
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Archives des Sciences, Geneve, 32 (1979) p. 201-211.
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Naturwiss., 67 (1980) p.35-36.
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Israel J. Chem., 1, No 9 (1980) p. 174-192.

Transition Probabilities of Europium(lll) in Zirconium and Beryllium Fluoride Glasses, Phosphate
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Glass and Pentaphosphate Crystals (with B. Blanzat, L. Boehm, R. Reisfeld and N. Spector).
J. Solid State Chem., 32 (1980) p.185-192.

Super-acids and Protonated Solvents.
Naturwiss., 67 (1980) p.188-189.

Studies on Gadolinium in Geneva Since its Discovery by Marignac in 1880.
Chimia, 34 (1980) p. 381-383.
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Rare Earths in Modern Science and Technology, eds. G.J. McCarthy, J.J. Rhyne and H.B. Silber,
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Rare Earths in Modern Science and Technology, eds. G.J. McCarthy, J.J. Rhyne and H.B. Silber,
Vol. 2, Plenum Press, New York (1980) p. 607-612.

The two Luminescent Levels of Bi** in Solids (with G. Boulon and R. Reisfeld).
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Quantum Harvesting and Energy Transfer.
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York (1981) p. 79-95.

Optimized Four-level Lasers.
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Structure and Bonding, Berlin,43 (1981) p. 1-36.
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Int. Rev. Phys. Chem., 1 (1981) p. 225-252.

Candoluminescence of Rare Earths (with H. Bill and R. Reisfeld).
Journal of Luminescence, 24 (1981) p. 91-94.
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G.B. Kauffman).
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Luminescent Solar Concentrators for Energy Conversion (with R. Reisfeld).
Structure and Bonding, Berlin, 49 (1982) p. 1-36.

Chemistry and Spectroscopy of Rare Earths (with R. Reisfeld).

Topics in Current Chemistry, 100 (1982) p. 127-167.

Uranyl Photophysics (with R. Reisfeld).

Structure and Bonding, Berlin,50 (1982) p.121-171.

Possible Broken Supersymmetry Behind the Periodic Table (with J. Katriel).
Chemical Physics Letters, 87 (1982) p. 315-319.

The Nephelauxetic Effect in Uranium(lV) Compounds.

Chemical Physics Letters, 87 (1982) p. 320-323.

Optical Transition Probabilities of Er** in Fluoride Glasses (with R. Reisfeld, G. Katz, N. Spector, C.
Jacoboni and R. DePape).
J. Solid State Chem., 41 (1982) p. 253-261.
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Ligand: Origin and Dissemination (with W.H. Brock, K.A. Jensen and G.B. Kauffman).
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4th International Conference on Photochemical Conversion and Storage of Solar Energy,
Jerusalem, August 1982, Book of Abstracts, ed. J. Rabani (1982) p. 293-295.
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Naturwiss., 69 (1982) p. 420-427.
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1
A Tribute to Christian Klixbiill Jeargensen

Fausto Calderazzo

I first met Christian Klixbiill Jorgensen in January 1963 when I joined Cyanamid
European Research Institute as a research associate. I enjoyed talking with him,
which eventually happened quite often during the coffee breaks in the cafeteria,
which was located next to the main building overlooking the lake of Geneva. The
conversation was almost constantly dedicated to chemistry and although our
tasks within the activity of the Institute were different (Christian was the head
of the Theoretical Chemistry Group, I was a member of the Synthetic Inorganic
Chemistry Group headed by Erwin Weiss), there was always the opportunity to
detect interesting aspects of our work. Some years later, when Erwin Weiss left to
become Professor at the University of Hamburg, in April 1965,1 became director
of the Group and thus the opportunities of mutual exchanges of ideas on research
projects became more frequent. I believe that we became friends and our fami-
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lies got acquainted. On the other hand, the atmosphere within the Institute was
excellent; the scientific activity was very intensive and, at least in the beginning,
there was no pressure on the side of the US headquarters to direct our research
towards some specific subjects, relevant from the point of view of possible ap-
plications. The idea was that collecting some capable people in the same place
and letting them work on some specific areas of their interest, some results within
the areas of commercial interest for American Cyanamid could come out. In this
operation Christian had a relevant position. His scientific contacts have been very
useful in letting the scientific community recognise the quality of the work which
was being carried out in Geneva. Before writing this personal memory, I felt it
necessary to read again his book “Inorganic Complexes”, published in 1963 for
Academic Press. This is the book in which presumably Christian has been closer
to chemical problems of interest to an inorganic chemist mainly interested in the
discovery of new classes of compounds, as I have been in the course of my work.

The book was written in a period of important new discoveries, especially in
Inorganic Chemistry. For example, organo-transition metal chemistry underwent
a tremendous advancement thanks to G. Wilkinson and E. O. Fischer who were
due to receive the Nobel Prize for their new scientifically relevant and revolu-
tionary findings within transition metal chemistry some years later. Jorgensen’s
book contains important items, often connected to the scientific work by himself,
discussed in the context of the current literature. Those days, chemistry used to
develop rapidly, and new areas of research used to be introduced or interesting
new compounds would appear in the literature. For example, this book, which, at
least in part, was compiled during the year 1963, contains a reference to the syn-
thesis of XeF, [1], substantially simultaneous to the discovery of XeF, [2],and to
the solution of its crystal structure [3]. In spite of these rapid developments,
Christian was not surprised by them and in a sense he was able to categorise
them readily, due to the vast knowledge of chemistry he possessed. He was at-
tracted by the unusual features of the experimental facts and by the new theo-
retical treatments required to interpret them. He was himself a systematic type
of scientist, with a vivid intelligence, an enormous curiosity and a lot of fantasy.
He had a knowledge and an understanding of spectroscopic features of metal
complexes, which, I believe, has never been reached by any other scientist of our
time. As he points out in the preface to the above mentioned book, Christian felt
about forty years ago that “without some qualitative understanding of spec-
troscopy and quantum chemistry, a chemist may frequently miss the really in-
teresting part of new developments in his field”. This sentence is completely true,
as it has been shown by the later developments of chemistry and science in gen-
eral since those days. Spectroscopy, and especially NMR, has made tremendous
progress since then, and has become an indispensable tool for research. However,
Christian also felt that chemistry should not be reduced to a subdivision of
physics, and in this respect he pointed out that a fundamental knowledge of nat-
ural history is essential in order to be able to progress in the understanding of
chemical bonding. Thus, theoreticians and experimental chemists should try to
work in combination, sometimes theory coming before the experiment, more of-
ten theory being essential to understand the nature of the phenomena observed
by the experimentalist in the first place.
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Beside many other contributions, Christian used UV-VIS spectra as a diag-
nostic tool for the identification of chemical substances, and his contributions to
this field are first class. His memory in terms of recollecting shape and wavenum-
ber values of visible and near ultraviolet spectra was amazing. However, Chris-
tian had no limits in his interests for chemistry. He could span from non-transi-
tional to transition elements and their compounds with equal competence. He
had a well-defined interest in derivatives of 4f and 5f elements. For example, in
his book he anticipated that the aquo complexes of the lanthanides (Ln) in the
oxidation state III should contain nine H,O ligands. It is interesting to notice that
it has now been established that the lanthanide aquo cations, with the poorly co-
ordinating triflato CF;SO; and EtOSO;™ anions, of formula [Ln(H,0),]** form a
series of isotypical compounds, in which the central metal has in fact a CN of
nine, with a tricapped trigonal prismatic geometry [4]. Thus, the anticipation by
Christian that the trivalent aquo cation “probably occurs as trigonally prismatic
(with a central triangle rotated 60°) M(H,0),°*” could not be more exact. Of
course, now we know that also the plutonium derivative [Ln(H,0),]** as the tri-
flato derivative is isostructural with the corresponding samarium(III) complex,
the metal-OH, distances differing by only a few hundreths of an A on going from
samarium(III) (2.548 and 2.418 A) to plutonium(III) (2.574 and 2.476 A) [5].

The year Christian’s book (1963) was printed, the so-called classification of
metal cations into classes A and B, according to a proposal first made by Ahrland,
Chatt and Davies, was on the way to reaching its maximum consensus, thanks
also to the contribution by Pearson in this field. This classification, as we all know,
has been the subject of some dispute, as far as reactions in solution are con-
cerned, as the thermodynamic data under these conditions are strongly affected
by solvation effects. In other words, in the gas phase, all metal systems are hard.
Even at that time Christian pointed out that, for example, the family of non-tran-
sition elements of Groups from 13 to 16 appear to behave as class B with respect
to halides and sulfur-containing ligands, but not towards ammonia, amines and
CN~. In the chapter of his book dedicated to halo complexes, Christian states that
“the total free energy of a given complex is an extremely intricate quantity, and
the formation constants we measure and which are the fundamentals for the
A- and B- classification, are small differences between huge quantities”. This
sentence should be taken as an encouragement to look even more deeply into the
problems of energy variations along vertical sequences of the well-known peri-
odic classification.

Christian was a really outstanding scientist. He was in a constant search for
pushing back the frontiers of Science and he has had a definite influence on many
colleagues around the world. He has certainly been an unforgettable person.
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2
A Personal Note in Memory of Prof. Christian Jorgensen

Baldassare Di Bartolo

Christian Jorgensen was an honest, modest and incredibly knowledgeable man.
I met him in the summer of 1976 at a congress in Villeurbanne organized by
Madame Gaume of the University of Lyon. I remember him giving a lecture and
at some point going to the blackboard and writing a long list of references with-
out consulting any notes.

I remember a very pleasant evening at my house where Christian, Renata
Reisfeld, George Blasse, and Romano Pappalardo were our guests for dinner. We
all enjoyed the conviviality and the cordial conversation to which Christian con-
tributed with his usual verve.

I remember too a similar evening some years after with Christian and Renata
at the house of Georges Boulon in Lyon.

I remember his visits to my laboratory at Boston College and the lasting im-
pression he made on my associates. During one of these visits he found my
student John Flaherty working on the problem of energy transfer between man-
ganese and erbium in manganese fluoride. Jorgensen gave him a full report on
the manganese luminescence in any imaginable system. (Renata and Christian
were gracious enough to cite the work of my student in their book on “Lasers and
Excited States of Rare Earths.”) After Jorgensen’s visit, Flaherty told me that he
could now see his thesis problem in a “historical context.”

For Christian, life and work, science, and any other aspect of intellectual life
were a continuum. Once, during a get-together with Jorgensen and other friends,
the conversation turned to religion and in particular to the infallibility of the
Pope, proclaimed, I said, showing off my erudition, at the First Vatican Council
of 1870.1 happened to know that at that time there was a group of so-called “Old
Catholics” who refused to accept the decree of the Council. I thought that this was
my chance to talk about something Christian knew nothing about and I informed
the gathering of what I knew about these people. I was thoroughly disappointed
when, as soon as I finished recounting my story, Jergensen gave us a full account
of the history of the Old Catholics, going back to their origins tied to the
Giansenist Church in The Netherlands, and adding that he personally knew some
Old Catholics in Switzerland.

Christian’s knowledge was not a simple collection of facts, but a harmonious
whole in which he had incorporated every experience and every piece of infor-
mation he would come across, a whole he had molded, had meditated upon and
to which he had given his personal imprint.

I will never forget Christian Jergensen!
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3
Collaboration at Cologny

Brian R. Judd

In 1962 I received an invitation from Christian Klixbiill Jorgensen to visit him at
the Cyanamid European Research Institute in Cologny, where he was Director of
the Theoretical Inorganic Chemistry group. He had noticed an article of mine on
the intensities of optical transitions in aqueous solutions of rare-earth salts, in
which I had reported that a neodymium band satisfying the selection rules for
quadrupole radiation seemed peculiarly sensitive to the choice of salt. We had
engaged in an active correspondence for several years on various aspects of rare-
earth spectroscopy, and I was anxious to meet him.

Christian was the first to apply the recondite group-theoretical methods of
Giulio Racah to the observed energy levels of rare-earth ions, and so his profes-
sorial appearance and intellectual agility did not surprise me. A theorist at heart,
I thought. However, I caught a glimpse of his practical abilities at lunch in the
cafeteria, where he explained how he had arranged for the tops of the tables to
be used as writing surfaces. Any idea that he might be limited to a life of the mind
was completely dispelled when we went into the laboratory. He produced a test-
tube containing an aqueous solution of neodymium ions and invited me to in-
spect the band in the purple with a hand-held spectrograph. He then added some
alcohol and showed me how that band intensified. I had not expected such a di-
rect and dramatic demonstration of what we both recognized was a remarkable
hypersensitivity of the neodymium ion to its environment. He then mentioned
that he had investigated similar phenomena in other rare-earth ions. To my great
surprise he then suddenly said, “We should write a paper.”I protested that we had
not considered what the underlying mechanism might be. He countered by sug-
gesting that we could leave that problem to others. To my mind, this was not a
sensible way to go. As a result of some discussion, I got him to agree that we
needed time to think things over, but I quickly realized that, if I thought some ex-
planation was called for, I would have to supply it.

At dinner, Christian’s wide-ranging interests were much in evidence. I re-
member a waiter putting a small plate on our table, saying it was “pour la sauce.”
Or did he say, “pour les 0s”? As I pondered whether gravy or bones were in play,
Christian started a lengthy disquisition on the ambiguity of language. Naturally
enough, this took us (or rather, him) to digress to other topics, reminding me of
Aldous Huxley’s claim to be able to talk or write about anything. In Christian’s
case, this flexibility of mind made it difficult to have a focussed discussion with
him about a single subject. His reaction to a comment would often be a polite ac-
ceptance before going off in another direction.

A few months after Christian’s demonstration with the solution of neodymium
ions, I came up with an explanation for the hypersensitivity, which I located
(rather vaguely) in the inhomogeneity of the dielectric. I wrote a draft of an ar-
ticle, incorporating Christian’s nine examples of hypersensitivity and using his
preferred units of kilokaysers. At his request, I used “lanthanides” rather than
“rare earths.” I submitted the draft to him for discussion, but was taken aback by
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his immediate acceptance. He generously suggested that as I had done most of
the work, my name should precede his below the title. At that time I had always
used a strict alphabetical ordering, and we followed my preference by settling for
“Jorgensen and Judd” The paper, entitled “Hypersensitive pseudoquadrupole
transitions in lanthanides,” appeared in a 1964 issue of Molecular Physics. It was
a successful collaboration: the paper started a new field of interest and has led to
several interesting developments in both theory and experiment.

After this joint work, my contacts with Christian became less frequent and
more casual. We met at conferences, and I was always happy to chat with him.
At one such meeting, he confided to me that “¢” comes after “u” in the Danish
alphabet. We had a good laugh about that. In reviewing a book of his, I once
commented on how, in reading his book, one got the impression that he thought
that one atom could be regarded as an analogue computer for calculating the
properties of an identical atom. Christian referred to this in one of his many later
writings as “a profound comment.” Its profundity escaped me, but I recognized
the kindness of heart and generosity of spirit that led him to compliment a col-
league.

4
Christian Klixbiill Jargensen, Some Memories and Reminiscences

George B. Kauffman

On January 9, 2001 Christian Klixbiill Jergensen, a major contributor to the
correlation of spectra with the electronic structure of coordination compounds,
died in a nursing home near Paris. At the time of his death he was Professor
Emeritus of Inorganic Chemistry at the Université de Geneve. In 1997 he began
to suffer from frequent lapses of memory and exhibited erratic behavior. As early
as 1993, when the reviewers and I asked him to make changes in his reminis-
cences of his mentor Jannik Bjerrum (Coordination Chemistry: A Century of
Progress, Kauffman, G. B., (ed); American Chemical Society: Washington, DC,
1994; pp 116-125), he uncharacteristically refus(ed) The problems that we had
with our usually amiable friend and colleague at that time may have been due to
the beginnings of his Alzheimer’s disease.

Following an accident when a bookcase fell on him in bed, he was hospitalized
and diagnosed with senile dementia, which forced him to retire in 1997. He then
moved to France to be close to his son Philippe and daughter Estelle, who survive
him. He was preceded in death by his wife, Micheline (née Prouvez). Consider-
ing the central role that his mind and intellectual pursuits played throughout his
life from his earliest years, his final years were particularly poignant and tragic
to those of us who worked with him and loved him. He will be sorely miss(ed)

I first met Christian at the 6th International Conference on Coordination
Chemistry (ICCC), organized by Stanley Kirschner of Wayne State University and
held in Detroit Michigan (August 27-September, 1961). Because of our common
interests, we decided to collaborate on a study of isomers of iridium(III). The
following year our paths crossed again when I accompanied him, his wife, and
several chemists such as Erwin Weiss and Hans-Herbert Schmidtke, both of
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whom were coauthors with Christian on various publications, on a Swedish Mid-
summer tour, beginning in Goteborg and ending in Stockholm (June 22-25,
1962), where the 7th ICCC was held, along with sessions in Uppsala (June 25-29,
1962). We both presented papers, he on absorption spectra and I on our collab-
orative investigation of what we thought were the cis and trans isomers of
[IrCI3{(C2H5)2S}3] as well as a new binuclear iridium(III) complex. With
Christian’s expertise we found that the yellow isomer was indeed cis-(1,2,3)-
[IrCl3{(C2H5)2S}3], but the red “isomer” was actually an electrolytic “polymer-
ization” isomer, trans-[IrCI12{(C2H5)2S}4]+ trans-[IrCl4{(C2H5)2S}2]_.

Hoping to find the largest possible audience for our work, I submitted our
manuscript to Science, a journal in which articles of biological interest predom-
inat(ed) Our paper was reject(ed) Christian’s letter to me (November 12,1962),
handwritten in blue ink, like all his letters, is gracious, prophetic about Science’s
future decision, and typifies his dry sense of humor (To keep me updated on his
activities he often sent me copies of his correspondence with other scientists
along with his letters to me, of which he always included Xerox copies):

“Thank you very much for the occasion to write in journals in which I would
never have expected myself to write. If you do not get it accepted, write a paper
demonstrating that it is not impossible that Ir(Et2S)2Cl4_ provokes an increase in
female off-spring of green frogs from 49.1+0.7 to 49.3+1.8% and they will print it”.

The article was published (Kauffman, G. B.; Tsai, J. H.-S.; Fay, R. C.; Jorgensen,
C.K.Inorg. Chem.1963,2:1233-1238), and of all my experimental papers it is the
one of which I am most proud.I attribute the following referee’s report, which is
not at all typical of those that I have received through the years, to Christian’s par-
ticipation in the project:

“This paper is one of the most thoroughly documented articles I have ever had
the privilege to read. It has shown by a marvellously variegated number of tech-
niques, both new and old, how a structure can be narrowly circumscribed with-
out a final (most times extremely difficult) X-ray structure analysis. The authors
are to be warmly congratulated on such a fine piece of work. Would there be more
such careful research done today instead of some of the slipshod work that passes
for research.

I most heartedly recommend its speedy publication in Inorganic Chemistry”.

I spent my first sabbatical leave at the Universitdt Ziirich working on my first
book, a biography of Alfred Werner, during the academic year 1963-1964, which
gave me another opportunity to see Christian again. He invited me to speak at the
Cyanamid European Research Institute at Cologny, near Geneva, and I presented
my very first seminar, “Alfred Werner: The Man and His Theory” on May 14, 1964.
Following my talk Christian discreetly slipped me an envelope containing Sw. Fr.
300 ($75) - a large sum in those days - the first time that I had ever been paid for
speaking, and I owe this experience to Christian!

Christian was never one to engage in “small talk”. While he was serious and -
intellectually active, he was never pompous or “stuffy”. Following my seminar,
during our walk around the old city of Geneva, I made a casual remark about
phlogiston, and he seized upon it to explain how phlogiston could be equated
with the electron: Oxidation corresponds to a loss of phlogiston (electrons); re-
duction corresponds to a gain of phlogiston (electrons).



244 George B. Kauffmann

Christian presented papers at both my symposia ( (1967) Invariance and dis-
tortions of octahedral chromophores, Kauffman, G. B.(ed) Werner Centennial.
American Chemical Society: Washington, 1967 DC, pp 161-177); his previously
mentioned article on Jannik Bjerrum, Coordination Chemistry: A Century of
Progress; Kauffman, G. B., (ed); American Chemical Society: Washington, DC,
1994; pp 116-125; “Coordination Based on Known Free Ligands, Moderate Dis-
sociation Rate, Weaker Electron Affinity of Central Atom Than Ionization Energy
of Ligand, and Quantum Paradoxes”, ibid.; pp 226-239; and “Coordination Com-
pounds of Metal Ions in Sol-Gel Glasses” (with his frequent coauthor, Renata
Reisfeld), ibid.; pp 439-443). We also collaborated on a number of articles on the
origin and dissemination of the term “ligand” (Ambix: 1981, 28, 171-183; J. Coord.
Chem. 1982, 11:261-263; J. Chem. Inf. Comp. Sci. 1982, 22:125-129; Polyhedron
1983, 2, 1-7; J. Chem. Educ. 1983, 60:509-510; Rev. Chilena de Educacién Quim.
1983, 9(1):19-21); the origin and adoption of the Stock System (J. Chem. Educ.
1985, 62:243-244); Ewens-Bassett notation (J. Chem. Educ. 1985, 62:474-476;
Chimia 1987, 41, 150-151); green copper(II) chloride dihydrate (J. Chem. Educ.
1989, 66:76); and “Crookes and Marignac — A Centennial of an Intuitive and Prag-
matic Appraisal of ‘Chemical Elements’ and the Present Astrophysical Status of
Nucleosynthesis and ‘Dark Matter’” (Structure and Bonding 1993, 73:227-253).

On April 29, 1983 Christian was awarded an honorary doctorate from the
Philosophical Faculty II of the Universitét Ziirich “as a pioneer in the bridging of
quantum mechanics and chemistry, which has explained in a prominent manner
the electronic spectra of metal complexes and has proved fruitful for chemistry”.
The ceremony took place at the university’s 150th anniversary celebration held
in the Grossmiinster, the venerable Romanesque cathedral purportedly built by
Charlemagne in the 700s and from whose pulpit Huldrych Zwingli, the most im-
portant reformer in the Swiss Protestant Reformation, preached his fiery sermons
beginning in 1518. With his usual wry sense of humor and dislike of pretension
Christian described the ceremony to me in a letter of May 7, 1983:

“The rector, Frau Verena Meyer, spoke for an hour about relations between
physics and society since 1833, and the 1100-people lunch in Kongresshaus had
an indefinite number of speeches”.

Christian stayed with my wife Laurie and me twice in Fresno. On January 23,
1987 he presented a seminar, “The Periodic Table as Seen by Inductive Chemists
and Deductive Physicists”, in which he pointed out that Mendeleev’s great sum-
marizing generalization is viewed by chemists and physicists from markedly dif-
ferent standpoints, which he contrasted in his lecture. He also criticized the new
numbering system advocated by the International Union of Pure and Applied
Chemistry (IUPAC) and eliminating A and B groups in favor of an 18-group
scheme.

Christian was amused by two incidents that occurred in our work together.
First, the captions for the portraits of him and Jannik Bjerrum were inadvertently
switched in my “Impact” interview (J. Chem. Educ. 1985, 62:1002-1005). Second,
in my role as organizer of the Coordination Chemistry Centennial Symposium
(CCCS), 205th American Chemical Society National Meeting, Denver, Colorado,
March 28-April 2,1993, as soon as I discovered an error in the program proof I
telephoned the ACS.I carefully and patiently explained to an ACS employee that
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the last name of a speaker had been misspelled - as Jorgensen rather than Jor-
gensen. Unable to get across the idea of what I called a “Danish umlaut”, I re-
sorted to spelling out the name - “J and slash o rgensen”. The name appeared in
the program as “J&slashorgensen”both in the abstracts (HIST 002 and index) as
well as in Chemical & Engineering News March 1, 1993, 71(9).73. It was at the
CCCS that I last saw Christian. His legacy endures in the hearts of his friends and
colleagues. We shall not forget him.

5
Recalling a Good Friend

Edwin Anthony C. Lucken

I first met Christian Jergenson in January 1961 when we were both working at the
Cyanamid European Research Institute (CERI) in Geneva. The wide breadth of
his interests and the new light and often-unusual slants that he could cast on
almost any subject immediately captivated me. We never actually collaborated on
anything but it was always a testing and stimulating experience to try out any new
ideas on Christian over the coffee table. CERI closed on 31 December 1968, by
which time I had already left to take up a post at the University of Geneva, while
Christian spent a year or so as a consultant to Cyanamid in the USA. I was
particularly pleased when Christian was also offered a post at the University and
for the many subsequent years I was able to enjoy the stimulus of his compan-
ionship.

Our two families became close friends and, in 1969 when we had both left
CERL, his wife, Micheline, did us the honour of becoming the godmother of our
son, Michael.

6
In Memory of Prof. Christian K. Jeargensen

Makoto Morita

It was a stormy day of November 1977 when I, while on leave from Seikei
University and the University of Diisseldorf (Prof. H.-H. Schmidtke, Dr. T. Schon-
herr), was warmly welcomed by Professor Jorgensen in Geneva as a visiting
researcher just for a month under the intra-Europe project financially supported
by the Alexander-von-Humboldt Foundation. I was quickly introduced to his
laboratory where I could see various chemicals put aside randomly on the desks
of the lab. Suddenly he fired a white powder on a tea spoon using a Bunsen
burner and passed me a small telescope-like object from his pocket.“Take a look
at the flame through the microscope. You can see sharp lines of Eu®* ions. Das ist
Flammen reaction!” (Wie erhellend war das fiir den Besucher!!) He spoke to me
very quickly with silent passion in English and in German to check my under-
standing. At lunch time, he gave me a private lecture on the spectroscopy of
lanthanide complexes by writing all the equations and letters in mirror writing
on a paper table-cloth. “That hand writing is quite special for a person like
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Leonardo da Vinci”, his secretary and a young Russian coworker told me later at
a party at his home. In his room, a door and sideboards were full of his discus-
sion notes with visitors. He did not take much care with chemicals scattered
about the laboratory or piles of his papers and letters on his writing desk because
he could quickly find what he wanted by simply extending his long arm. When a
new theory on quarks was being discussed in the seminar in the university hall,
somebody said to me: “Prof. Jorgensen was asking a sharp question to the speaker
while he was busy in writing three papers at the same time!” He has been recog-
nised as being a giant among professors. To me he was a kind navigator to spec-
troscopy full of intelligence and the humanities.

7
C.K.Jorgensen and Structure and Bonding

Dirk Reinen

Christian Klixbiill Jorgensen’s name is closely tied to the review series Structure
and Bonding, where the various articles honouring his scientific oevre will ap-
pear on the occasion of his tragic death. It was — without forgetting the merits of
the other members of the first editorial board - mainly his initiative, which lead
to the establishment of the series in 1966, meanwhile it is an accepted and
renowned institution on the scientific book market. From the preface of the first
volume it is worthwhile to cite specifically the last sentences, because they well
reveal C. K. Jorgensens attitude toward science: We are specially interested in the
role of the “complex metal-ligand” moiety ...... and wish to direct attention towards
borderline subjects. We are convinced that these borderline areas receive less at-
tention than they justify; academic studies tend too often to be compartmental-
ized whereas technological interest too often lacks sufficient fundamental under-
standing. We hope that this series may help to bridge the gaps between some of
these different fields and perhaps provide in the process some stimulation and
scientific profit to the reader. The initial volume started with an article by
C.K.Jorgensen,based on contributions to the Konstanz meeting of the legendary
summer school on ligand field theory in 1962 (director: H. Hartmann). Since then
twenty reviews and original contributions have appeared in Structure and Bond-
ing with C.K.Jergensen as author or co-author, ranging from ligand field theory
in its broadest sense and its various applications in complex and solid state chem-
istry to borderline and frontier aspects such as quarkonium chemistry or a prag-
matic appraisal of the chemical element concept in astrophysics - always in line
with the cited preface notes.

Christian Klixbiill Jorgensen was a thoroughly intuitive scientist with an open
unencumbered mind fiir new developments, to whom qualitative and semi-
quantitative concepts were of major importance. His intimate connection with
the chemical experiment - here benefiting from his fabulous memory of litera-
ture data - is possibly best characterized by the following episode, presumably
better than by any other spectacular event. In a lecture, where he displayed his
ideas about the nephelauxetic properties and optical electronegativities of tran-
sition metal complexes and solids, he irritated the audience by the statement: This
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compound is so black that it does not exist - here referring to the lower-energy
shift of d-d and charge transfer bands in case of strong bond covalency.

In an era, where the belief in quantitative theoretical treatments of chemical
phenomena booms, C. K. Jorgensen’s death has indeed left a gap.In 1999, after 23
years of editorial efforts, he left the board of Structure and Bonding.

The author was a member of the editorial board of Structure and Bonding from
1966 until 1995.

8
Christian Jargensen: A Very Short Story of His Life and Scientific Career

Renata Reisfeld

I met Christian in 1968 when he was invited as a main speaker to Jerusalem to a
conference held on coordination chemistry. At that time he was already world
famous for his pioneering contributions in ligand field theory, electronic spectra
of transition and rare earth elements, nephelauxetic effects and his unorthodox
views of electronegativity.

Born in Aalborg, Denmark, in April 18, 1931, he started his studies of chem-
istry and mathematics in 1950 at the University of Copenhagen and obtained his
doctorate in 1957. His thesis “Energy Levels of complexes and Gaseous ion”
published in 1957 became a classic one and was taught in many universities as a
basic textbook.

After serving for some years in NATO in Paris, he became the director of the
group for theoretical and inorganic chemistry in Cyanamid European Research
Institute in Geneva 1961-1968. For his extraordinary achievements he was elected
to the Danish Academy of Science as early as 1965 and received the title of Doctor
honoris causa in 1983 at the University of Ziirich.

He wrote four books: “Absorption Spectra and Chemical Bondings in Com-
plexes” in 1962, “Oxidation Numbers and Oxidation States” in 1969, “Modern
Aspects of Ligand Field Theory” in 1971, and “Lasers and Excited States of Rare
Earth” which was published in 1977; all of which became classics.

He published over 400 scientific publications in prestigious journals.I had the
pleasure and honor to be a coauthor with him of more than 70 papers and of his
fourth book.

Christian was an extraordinary man, a genius with very deep vision of the
chemical phenomena which he could understand intuitively as very few people
could. He was generous. His kind nature which was a gift in addition to his
geniality made him to extend great assistance to his fellow scientists giving advice
and sending many papers at the time where the Internet was still unavailable. He
was always willing to discuss with his colleagues showing great interest and help.

In 1974 he invited me to Geneva where we started a very pleasant and pro-
ductive cooperation which continued to the last moment as long as his health
allowed. This cooperation was mainly focused on spectroscopy of Rare Earths,
Transition Metal Ions, Uranyl Photophysics, and Solar Energy Materials in
glasses. The cooperation became possible due to our frequent meetings in
Geneva, Israel or at International Conferences. The impact that Christian had on
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my scientific work was tremendous and I cherish his memory with great appre-
ciation. To him I devote the chapter on “Spectroscopy of Rare Earth and their
complexes in glasses” in this volume.

When we met for the first time in Jerusalem, I had just one publication on
RE spectroscopy mainly of Eu(II) in alkali halides showing the charge trans-
fer absorption in the UV and the blue emission. I was totally surprised that
Christian has seen and read the paper and recited to me the entire text. I was
overwhelmed by his extraordinary knowledge and the phenomenal memory.
At the beginning, I hardly dared speak being confronted with the great scientist,
but he kindly encouraged me and on his return to Geneva wrote me a letter that
inspired me to extend my work on rare earth ions, uranyl and transition metal
ions.

The first outcome of our meeting was his invitation to me to write a chapter
for Structure and Bonding forwhich he was one of the editors. The outcome -
Volume 13 of Structure and Bonding - was devoted to Rare Earths in which
he wrote a chapter of “Inner Mechanisms of Rare Earth Elucidated by Photo
Electric Spectra” and I wrote a chapter on “Spectra and Energy Transfer of Rare
Earths in Inorganic Glasses”. The chapter was inspired by him and resulted in an
understanding in depth of mechanism of transfer in amorphous metals.

The following volume of Structure and Bonding Vol. 22 included Christian’s
paper on partly filled shells consisting of anti bonding orbitals and a chapter by
myself on “Radiative and Nonradiative Transitions of RE Ions in Glasses”.

Volume 30 of S&B included his chapter on Deep Lying Valence Orbitals and
mine on Excited State and Energy Transfer from Donor Cations to RE in con-
densed phase.

From then on we started to write papers together. Some examples include
Luminescent Solar Concentrators for Energy Conversion, S&B Vol. 49; Uranyl
Photophysics, S&B Vol. 50; Excited States of Chromium(III) in Translucent Glass
Ceramics, S&B Vol. 69; Optical Properties of Colorants and Luminescence Species
in Sol-Gel Glass, S.B. Vol. 77.

Volume 85 of Structure and Bonding was again composed of our joint efforts
and devoted to Optical and Electronic Phenomena on Sol-Gel Glasses and
Modern applications. Among the many other publications I would also like
to mention: C.K. Jorgensen and R. Reisfeld, Chemistry and spectroscopy of
rare earth Topics in Current Chemistry, 100 (1982) 147-160; R. Reisfeld and
C.K.Jorgensen, Excited state phenomena in vitreous materials, in K.A. Gschneidner
and L. Eyring (eds) Handbook on the Physics and Chemistry of Rare Earths 9,
chapt. 58, North-Holland, Amsterdam (1987) 1-90.

We used to discuss our work and to write the papers in most incredible places:
airports when waiting for change of planes during the trips to conferences, picnic
in the Alps where we met with our French colleagues. A picnic was something
totally unknown to Christian, a situation he has never experienced before. He was
totally absorbed in an unlimited number of books which he swallowed day and
night.

His encyclopedic knowledge was unlimited and I could ask him about any sub-
ject and receive an immediate answer. I remember when I was planning with my
husband a trip to Brazil he gave me a full description of the exotic places we
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should visit including detailed geography, history and folklore. He was always
very considerate about our security especially after my kidnapping.

During the Gulf war when we were in a closed room being afraid of Sadam
Hussein rockets, he telephoned several times each day and this was certainly
heart warning. I could write many more pages about our friendship and inter-
action that was a bright side of our life. I shall remember Christian warmly for
ever.

9
In Memory of Christian Klixbiill Jargensen

H.-H. Schmidtke

I knew Christian Klixbiill from 1961 when I joined his group which he called
“Theoretical Inorganic Chemistry” of Cyanamid European Research Institute in
Cologny, Canton de Geneve, Switzerland. Each of the six groups in this institute
had about four scientists and in addition some laboratory technicians and
secretaries, the whole being administered by a management staff. I found out very
soon, that Christian was, what we call in German an “Einzelkdmpfer” (individual
fighter), who does his research more efficiently when working by himself. There-
fore the bulk of his papers had only his name on the authors’ list. In addition,
he preferred working in the laboratory on his own using hundreds of glasses,
beakers, flasks etc. on the bench for his experiments, the reason and meaning of
which nobody could figure out because they were unlabelled. The work of the
laboratory technician he had at his disposal was limited to cleaning up all the
used dishes and tools which took him several days.

Christian’s working habits coincided with the plans I had at that time very
well. When I started to work in Geneva he asked me what kind of research I was
planning to do.I told him that I would like to work on Rh(III) and probably Ir(III)
chemistry in order to show the degree of parallelism to Co(III). He seemed to be
surprised and answered “oh, very interesting!” - repeating it several times. Much
later I found out that this phrase did not necessarily mean agreement but rather
some measure of reservation. Christian rarely could say “no” when he was asked
for something. Any opinion different to his views meant an instant requirement
of a discussion of the topic. This was done at great length. As a consequence I
could work on following my own ideas and he never interfered with my research
plans and their realization. I could publish my results on my own as he did for his
work. There was, however, an important exception. One day in 1963, he came
early to the laboratory and made a proposal to Romano Pappalardo, the other
research scientist in our group, and me that we should prepare an article on the
occasion of the 50th paper of CERI-TIC (Cyanamid European Research Institute-
Theoretical Inorganic Chemistry), which was a series of preprints Christian used
to distribute according to a special list of possibly interested people. As usual, he
had already prepared a manuscript during the week-end dealing with a subject
which I immediately felt was very much worth publishing. It was the start up of
a model alternate to the ligand field theory, which later was called the “Angular
Overlap Model”. I remember that I discussed the text of the manuscript with
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Christian in much detail which took us several days. He used to submit his papers
the way they were originally written without making many changes or editing for
revision. Since some journals insist on certain styles and sophisticated writing,
substantial changes of the text usually have to be carried out before acceptance.
Christian rather preferred sending his articles somewhere else for straightfor-
ward publication instead of going through tedious revisions. Since we decided to
publish our 50. CERI-TIC in a prominent journal and we chose Journal of Chem-
ical Physics, I recall that I had to struggle with Christian for some long discus-
sions in order to make the manuscript easily readable and understandable to the
public. And I believe we succeeded: see JCP 39, 1422 (1963).

Generally Christian devoted much care to a well-ordered system of classify-
ing his CERI-TIC papers. The surplus copies of these preprints which were not
distributed from his mailing list, and the regular reprints of the published arti-
cles were piled up in an extra room under the roof of the institute and Christian
spent his happy hours as our secretary heard him humming and gently singing
during inspection of his written stock of intellectual achievements.

Discussing science was always his most favourite occupation. Any easy talking
turned inevitably into a chemistry problem. And everybody knew about is
profound knowledge on chemistry. He had a photographic memory, he had
hundreds of spectra in his mind and recalled among other data all wavenumbers
and intensities of bands thereof: a phenomenon nobody could compete with. For
his private teaching, any audience was all right with him. He reported on his ideas
during lunch in the cafeteria, in detail to colleagues in the halls or in the library
of the institute no matter whether they were experts in the field or not. I even
heard him teaching his wife and young children when he was absorbed in com-
municating or ordering his latest thoughts and ideas on chemistry.

So, for Christian Klixbiill science was his whole life, his thoughts in fact
were always occupied with chemistry. Therefore he eventually had same trouble
with handling the small problems of daily life. But as long as his wife was alive,
a fine French lady he met when he was working in Paris with the NATO science
advisor, he enjoyed great happiness with his family at home.

10
Christian Klixbiill Jargensen - Memories of the Later Years in Geneva

Alan E. Williams

I first met Christian Jorgensen in January 1975 when I arrived in Geneva as a
post-doctoral fellow, and we were office neighbours and colleagues for over
twenty years until his retirement in 1997. His appearance changed remarkably
little over this period: medium height, slightly stooped, but strongly built. His
breadth was enhanced by his wearing a jacket which seemed a size or two too
large even for his considerable build, but this was necessary since it had to act not
only as an article of clothing, but also as a receptacle for a vast number of papers,
index cards, pens, etc. which could be extracted in an instant to make notes or
confirm some fact vital to the conversation in progress. He had a fine head,
almost completely bald, with just a fringe of blond hair around the edges, and
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clear grey eyes, somewhat hooded by the dome of his forehead. His Danish ori-
gins were obvious when he spoke: although his command of languages was ex-
cellent, he always kept a strong inflexion which prompted a colleague to comment
that ‘he speaks Danish in six languages’.

He was approachable, and happy to talk to anyone, although I noticed he
always maintained a certain formality towards students. He very rarely raised his
voice and in twenty years I can remember only one disparaging comment. He was
a voracious reader: as a child he claimed to have read all the books in one of
Copenhagen’s municipal libraries, and his love of books continued, as was shown
by their steady accumulation in his office. Apart from chemistry and physics,
philosophy, history, astronomy, and science fiction figured prominently in his
collection. His accumulation of books and papers did create certain problems in
his office: as the bookcases filled up, the desk and window ledges were occupied,
followed by the occupation of floor space, at first around the borders of the room,
and then gradually moving in to the centre. At a certain point when there re-
mained only a narrow path through the room, it was clear that something would
have to be done, and Jorgensen’s solution, of moving into the next office, was
simple and effective, although it was not without apprehension that I, as his im-
mediate neighbour, observed the second office filling up steadily.

He undoubtedly had the mentality of a collector, and had been an enthusias-
tic collector of stamps when younger, although in later life he turned to collect-
ing old banknotes. My wife, upon meeting him for the first time, was somewhat
surprised to be asked “As an Australian, you must remember that unusual note
from 19312’ I believe the collecting instinct was an important aspect of his in-
tellectual character. He was aided by a truly phenomenal memory which enabled
him to pluck a reprint from exactly the right pile in his office and carefully cor-
rect a misprint in the page numbers of a reference in a paper published twenty
years before. The collector’s capacity to accumulate and organise was one of the
strengths which helped him to identify the general features of the spectra of in-
organic compounds, which I believe to have been his major contribution to
chemistry.

By the time I arrived in Geneva, he was reaching the end of his period of in-
terest in X-ray photoelectron spectroscopy which had interested him from 1971.
I have always felt that he was disappointed by its failure to be a more generally
useful tool in the investigation of chemical bonding, although to what extent this
is due to inherent weaknesses, or to the practical difficulties, notably involved
with charging effects and calibration problems, remains open. After the abandon
of photoelectron spectroscopy he carried out very little practical work in Geneva,
although some studies on candoluminescence provided an amusing exception.
Jorgensen’s approach to this was quite simple: a sample of cotton (from an old
pillowcase) was dipped in a solution of cerium or thorium salts, suitably laced
with lanthanides, then held on a pair of tongs in the flame of a huge Bunsen
burner that he had acquired somewhere. The organic matter was immediately
burned off leaving an oxide matrix which shone brightly, as in a gas mantle. He
would then examine the emission through a pocket spectroscope. On one occa-
sion, his enthusiasm had led him to begin work before he had removed the wide
brimmed hat that he was wearing, and as he peered through the spectroscope, he



252 Alan F. Williams

became aware of a burning sensation as the brim of the hat dipped into the flame.
He immediately ran towards his collaborator, tongs in one hand and spectroscope
in the other, crying Je brtile, je brtile!” Fortunately his co-worker was able to ex-
tinguish the hat before major damage was done.

He never made any effort to build up a research group, and only a handful of
students acquired doctorates under his supervision. While this was a conse-
quence of his rather solitary character, it was unfortunate. In Copenhagen and at
Cyanamid he had benefited from the presence of other active research groups in
inorganic chemistry who undoubtedly stimulated him. When he moved to the
University of Geneva in 1968, there were no other inorganic chemists and he was
rather isolated. He was not particularly attracted to many of the most active fields
in inorganic chemistry at that time: kinetics and mechanism, organometallic
chemistry, or general structural chemistry. He remained rather sceptical of the
future of calculations in quantum chemistry. It was not in his character to un-
dertake detailed spectroscopic studies of one or two compounds, however much
he appreciated this kind of work. As a result of this, his published work from 1975
onwards (just under 200 papers, nearly half the total) can be split up into his work
on lanthanides in collaboration with Renata Reisfeld, where the practical work
was done in Jerusalem, and a series of rather general papers, discussing general
(and often almost philosophical) themes such as hardness and softness, or re-
views. He was never afraid to speculate: in 1971 he published a paper on the pre-
dictable chemistry of superheavy elements such as Z=164, and in 1978 a paper
on the chemistry of quarks. It seems reasonable to claim that having studied
elements between Z=1/3 and Z=164, he must be regarded as the chemist having
examined the widest range of elements — he would undoubtedly have appreciated
the distinction. He was certainly fascinated with the developments in elementary
particle theory

Jorgensen’s relationship with teaching was somewhat conflictual: basically he
did not greatly like it, and felt he could usefully use the time doing something
else, but on the other hand he loved lecturing. Although towards the end of his
life he moved over to transparencies, he was a great lover of the blackboard. He
had very neat writing, and used to submit handwritten manuscripts until he was
forced to move to the typewriter — I never saw him use a computer. His black-
board technique was unusual: when the board was more or less full, rather than
erase, he would look to see if there were any spots which had not yet been used.
When these were full he would often simply take a chalk of a different colour and
write over the first. He gave the students a 80 page handout, essentially hand-
written, to accompany his lectures on inorganic chemistry. This is a remarkable
document as much for what it contains as for what is left out: the alkalis and al-
kaline earth metals never greatly interested him. I asked him about their exclu-
sion once, and he seemed to think that they could best be assimilated to organic
chemistry. The examinations in Geneva are in general oral, and were an occasion
of stress. For someone who loved talking about chemistry, it was hard if not im-
possible to remain silent while the student struggled to find an answer. Jorgensen
would try to ask the question another way, and if this elicited no response, yet an-
other way. If an answer was forthcoming, it had to be commented. In a half-hour
examination, a tongue-tied student might only speak for a few minutes. Despite
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these idiosyncrasies, which would no doubt horrify a modern assessor of peda-
gogy, the students had a genuine respect for a professor who was quite clearly in-
tellectually outstanding. Concerning administrative duties, the third pastime of
modern academics, it may simply be said that Jorgensen and they avoided each
other to their mutual satisfaction. At the few committee meetings in which he
participated, he generally remained silent, but occasionally made a comment,
particularly when he identified a paradox, and was a past master of the witty
metaphor.

There is little doubt that the first half of his career was more significant than
the period I have discussed here. His isolation, and the divergence of his interests
from those of many of his former colleagues prevented the symbiosis which had
proved so fruitful before. He undoubtedly was saddened by the lessening of in-
terest of the inorganic community in his work although he never spoke of it. In
general, he kept his feelings very much to himself, and had relatively few close
friends. For myself, our hours of conversation opened my eyes to many previously
unknown areas of chemistry, and of science in general. I will recall a deep voice
saying ‘As you know better than I’ before telling me something of which I had no
previous inkling. These discussions were always fascinating, even if, as others
have remarked, it was not always obvious when they would end. However, the ec-
centricities and anecdotes related here should not be allowed to overshadow his
major scientific achievements. His early work and his books on ligand field the-
ory and absorption spectra will remain important references, even if they are
sometimes made harder to understand by a somewhat elliptical approach to the
subject matter. It is to be hoped that the chemical community will remember and
honour a man who was remarkable as much for his character as for his contri-
butions to the subject.

References to the Personal Note from F. Calderazzo

1. (a) Hoppe R, Ddhne W, Mattauch H, Rédder KM (1962) Angew Chem 74:603; (b) Weeks JL,
Chernick CL, Matheson MS (1962) ] Am Chem Soc 84:4612

Claasen HH, Selig H, Malm JG (1962) ] Am Chem Soc 84:3593

Burns JH, P. Agron A, Levy HA (1963) Science 139:1208

Quadrelli EA (2002) Inorg Chem 41:167 and references therein

Matonic JH, Scott BL, Neu MP (2001) Inorg Chem 40:2638

Rl ol N



