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Aims and Scope

The series Structure and Bonding publishes critical reviews on topics of research
concerned with chemical structure and bonding. The scope of the series spans the
entire Periodic Table and addresses structure and bonding issues associated with all
of the elements. It also focuses attention on new and developing areas of modern
structural and theoretical chemistry such as nanostructures, molecular electronics,
designed molecular solids, surfaces, metal clusters and supramolecular structures.
Physical and spectroscopic techniques used to determine, examine and model
structures fall within the purview of Structure and Bonding to the extent that the
focus is on the scientific results obtained and not on specialist information
concerning the techniques themselves. Issues associatedwith the development of
bonding models and generalizations that illuminate the reactivity pathways and
rates of chemical processes are also relevant.

The individual volumes in the series are thematic. The goal of each volume is to
give the reader, whether at a university or in industry, a comprehensive overviewof
an area where new insights are emerging that are of interest to a larger scientific
audience. Thus each review within the volume critically surveys one aspect of that
topic and places it within the context of the volume as a whole. The most significant
developments of the last 5 to 10 years should be presented using selected examples
to illustrate the principles discussed. A description of the physical basis of the
experimental techniques that have been used to provide the primary data may also
be appropriate, if it has not been covered in detail elsewhere. The coverage need not
be exhaustive in data, but should rather be conceptual, concentrating on the new
principles being developed that will allow the reader, who is not a specialist in the
area covered, to understand the data presented. Discussion of possible future
research directions in the area is welcomed.

Review articles for the individual volumes are invited by the volume editors.

In references Structure and Bonding is abbreviated Struct Bond and is cited as a
journal.

More information about this series at http://www.springer.com/series/430
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Preface

Volume 1 of Structure and Bonding was published in 1966 and the Preface
suggested that “a valuable service is performed by bringing together up-to-date
authoritative reviews from the different fields of modern inorganic chemistry,
chemical physics and biochemistry, where the general subject of chemical bonding
involves (usually) a metal and a small number of associated atoms. These arrange-
ments are of importance for symmetry considerations by crystallographers, for the
application of group theory and molecular orbital theory to chromophores and
because of their widespread occurrence in polyatomic molecules, in complex ions
in solution, in vitreous materials, in minerals and, not least, in biological materials
and organisms. We are especially interested in the role of “the complex metal-
ligand” moiety and purposely avoiding the more classical organic chemistry and
even organo-metallic chemistry — for which many review journals are already
available — and wish to direct attention towards borderline subjects. We are
convinced that these borderline areas receive less attention than they justify,
academic studies tend too often to be compartmentalized whereas technological
interest too often lack sufficient fundamental understanding. We hope that his 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”.

Fifty years on and 175 volumes later, Structure and Bonding still plays a very
important role in presenting authoritative reviews on structural and bonding issues
in chemistry. To celebrate this significant landmark, we have invited recent editors
and authors, who have contributed highly cited and noteworthy volumes and
chapters in recent volumes of the series, to write chapters which highlight important
new developments in their chosen area and indicate significant future develop-
ments. This volume marking the 50th anniversary starts with a historical introduc-
tion by myself, which traces the early days of the series and its social and
intellectual context, and a summary of the contributions of the members of the
editorial board. This is followed by noteworthy chapters by Philip Gale on anion
receptors based on organic frameworks, Richard Winpenny on single molecule
magnets, Thomas Klotke on recent progress in the development of high energy
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density materials, David Evans and Xue Duan on layered double hydroxide
materials. Peter Roesky has contributed a chapter on sigma bonded metathesis
and polymerisation of 1,3-dienes by rare earth complexes, Yasuhiro Takabayashi
and Kosmas Prassides on fullerene superconductivity and Dan Rabonovich on the
role of scorpionates in synthetic bioinorganic chemistry. The important optical
properties of transition metal complexes and their theoretical interpretation are
covered in chapters by Jianzhuang Jiang and Yongzhong Bian on phthalocyanine
based functional materials, and Vivian Yam has contributed a very detailed chapter
on photofunctional molecular materials. Andreas Hauser and Christian Reber
discuss the spectroscopic properties and chemical bonding in transition metal
complexes. Professor Dirk Reinen was a member of the original editorial board
of Structure and Bonding and we are very lucky that he has contributed with P
Kohler a chapter on ligand field theory and discusses the fascinating colours of solid
iron(IIT) oxides, an area which he first analysed in an early volume of Structure and
Bonding.

I thank all of these authors very much for their timely contributions and hope that
their efforts will stimulate the successful launching of future volumes which will
mark the next 50 years in the series’ distinguished history.

Oxford, UK D. Michael P. Mingos
December 2015
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Structure and Bonding: The Early Days

D. Michael P. Mingos

Abstract In order to understand the launching in 1966 of Structure and Bonding, it
is necessary to appreciate the factors which contributed to the emergence of
inorganic chemistry as an equal branch of chemistry. A variety of social and
economic factors contributed to the transformation of inorganic chemistry from
an essentially descriptive subject into an intellectual equal of organic and physical
chemistry. The aims and distinctive features of Structure and Bonding are identified
with reference to the initial preface and the composition of the editorial board. The
research interests and characteristics of some of the founding editorial board
members are introduced and used as a basis for highlighting the important topics
which were covered in the initial 50 volumes. Subsequent changes in the character
of the journal are reviewed and used to introduce the present anniversary volume.
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1 Introduction

Jay Labinger in Up from Generality: How Inorganic Chemistry Finally Became a
Respectable Field [1] has documented the dramatic upsurge in the number of
inorganic chemists and their enhanced respectability in the US academic commu-
nity during the 1950s. He attributed the growth of inorganic chemistry to the
following factors:

1. The inadequate recognition of the merits and independence of the field resulting
from its reputation as a descriptive sideshow.

2. Key resources were made available from federal sources and industrial labora-
tories which resulted in greater opportunities for employment, research funding
and a greater range of publication outlets. This had its origins in the Manhattan
Project started during World War II.

3. The Russian Sputnik project resulted in a large injection of additional federal
funding in the 1950s, which resulted in greater research activity in university and
industrial laboratories, where inorganic chemists were required for the develop-
ment of rocket fuels and materials, suitable for space travel.

4. Inorganic chemistry underwent a significant intellectual shift which transformed
it from a mainly descriptive and phenomenological branch of chemistry into a
more mechanistic and theoretically driven scientific activity. This enhanced its
intellectual appeal in the eyes of organic and physical chemists and attracted
bright research students.

The resurgence was not limited to the USA, and European and Japanese inor-
ganic chemists also contributed significantly to the growth of the subject. In 1956,
Ronald Nyholm moved from Australia to the Chair of Inorganic Chemistry at
University College London and proclaimed in his inaugural lecture the coming
renaissance of inorganic chemistry [2, 3]. He identified its key drivers as “the
growth of theoretical techniques of quantum mechanics to an extent permitting
widespread chemical application” and “those new optical, electrical and magnetic
techniques of physical measurement by which structure can be investigated”.
Therefore, it was not surprising that Nyholm was one of the key figures in the
launching of Structure and Bonding and remained on the editorial board until his
untimely death in a tragic car accident in 1971 [4]. Nyholm’s vision was supported
by Chatt, Emeleus, Schwarzenbach, Malatesta, Bjerrum, Orgel, Hieber, Fisher and
Wilkinson (after his return from Harvard to Imperial College), who established
creative and internationally recognised groups in Europe capable of attracting
postdoctoral workers form the USA as part of the Marshall Plan and Fulbright
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fellowships. Although the majority of historians of chemistry have concurred with
Nyholm’s analysis and enthusiasm, there were those who have added that inorganic
chemists’ contributions to the Manhattan Project and the subsequent expansion of
the periodic table after the war not only provided new elements for study, suitable
radioisotopes for mechanistic studies and generous federal funding. Furthermore,
the growth of molecular biology in the 1950s [5, 6 and references therein], which
followed the elucidation using X-ray measurements of the structure of DNA, and
the X-ray structural determinations of vitamin B;,, myoglobin, haemoglobin and
metalloenzymes underscored the importance of metal ions in biological systems.

The most significant interdisciplinary area which emerged in the 1950s was
organometallic chemistry, which was brought into focus by the outstanding success
of the Zeigler—Natta catalysts for the production of polythene and polypropylene,
and the beauty and novelty of ferrocene and its surprising aromatic properties.
Bioinorganic chemistry emerged from the realisation that inorganic elements
played a crucial role in biological systems. Solid-state chemistry, rebranded as
materials chemistry, grew out of the need for new materials for the burgeoning
computer industry and narrowed the gap between fundamental science and the
commercial applications. Interdisciplinary topics have provided a fertile bed for
expanding traditional subjects, but their success encourages a centrifugal force,
which increasingly encourages the release of independent subjects. The intellectual
glue which initially held these diverging subdisciplines of inorganic chemistry
together in the 1960s was ligand field theory, which linked physics and chemistry
and provided a theoretical framework for interpreting the spectral and magnetic
properties of transition metal ions, the rates of their substitution and redox reactions
and the tuning of the relative stabilities of oxidation states by ligand modification
[7, 8].

The Preface to Volume 1 of Structure and Bonding published in 1966 noted that:

a valuable service is performed by bringing together up-to-date authoritative reviews from
the different fields of modern inorganic chemistry, chemical physics and biochemistry,
where the general subject of chemical bonding involves (usually) a metal and a small
number of associated atoms. These arrangements are of importance for symmetry consid-
erations by crystallographers, for the application of group theory and molecular orbital
theory to chromophores and because of their widespread occurrence in polyatomic mole-
cules, in complex ions in solution, in vitreous materials, in minerals and, not least, in
biological materials and organisms. We are especially interested in the role of “the complex
metal-ligand” moiety and purposely avoiding the more classical organic chemistry and
even organo-metallic chemistry — for which many review journals are already available —
and wish to direct attention towards borderline subjects. We are convinced that these
borderline areas receive less attention than they justify, academic studies tend too often
to be compartmentalized whereas technological interest too often lack sufficient funda-
mental understanding. We hope that his 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 founding editors and their primary research interests are summarised below:

C.K. Jgrgensen Cyanamid, Geneva, Switzerland — ligand field theory
J.B. Neilands, University of California, Berkeley, USA — metal ions in biology
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R.S. Nyholm, University College London, UK — magnetochemistry, co-ordination
chemistry, metal-metal bonding

D. Reinen, University of Bonn, Germany — spectroscopic properties of metal ions
and ligand field theory

R.J.P. Williams, University of Oxford, UK — stabilities and bonding preferences of
complexes, metal ions in biology, protein structures using NMR,
biomineralisation

Not surprisingly, the editors’ research interests closely reflect the areas which
have been associated with the renaissance of inorganic chemistry discussed above.
The only surviving member of this distinguished editorial board is Professor Dirk
Reinen, who kindly agreed to contribute a chapter to this special volume. It recounts
some of his early impressions and also summarises some of his recent spectroscopic
results. I was scheduled to meet Professor Bob Williams earlier this year to discuss
the background to the setting up of the journal, but he was admitted to the hospital
on the day of our planned meeting, and he died soon afterwards. He was a great loss
to the subject because he had a unique ability to identify important unanswered
questions at the interfaces between chemistry, biology and geology, analyse them
with the precision of a physical scientist and articulate his conclusions in a forceful
and clear manner. I had looked forward to our meeting because I knew that he
would give me a very honest account of the origins of Structure and Bonding and
the personalities involved.

The following chemists have subsequently served as members of the editorial
board — their start dates precede groups of names:

1968: M.J. Clarke, Boston College, USA; J.B. Goodenough, Oxford University,
UK; J.A. Tbers, Northwestern University, USA; R. Weiss, University of Strasbourg,
France; 1984: D.M.P. Mingos, Oxford University, UK; G.A. Palmer, Rice Univer-
sity, USA; P.J. Sadler, Birkbeck College, UK; 1999: A.J. Bard, University of Texas,
USA; P. Day, Royal Institution, London, UK; Prof. T. Kunitake, Kyushu Univer-
sity, Japan; J.-P. Sauvage, University of Strasbourg, France; F. Wudl, University of
California, Los Angeles, USA; I.G. Dance, University of New South Wales,
Australia; T.J. Meyer, University of North Carolina, USA; H.W. Roesky, Univer-
sity of Gottingen, Germany; A. Simon, Max-Planck — Institut fiir Festkorper-
forschung, Germany; 2007; X. Duan, Beijing University of Chemical
Technology, P.R. China; G. Parkin, Columbia University, USA; 2008:
L.H. Gade, University of Heidelberg, Germany; 2010: K.R. Poeppelmeier, North-
western University, USA; 2011: F.A. Armstrong, Oxford University, UK; 2012:
T.M. Takano, Kyoto University, Japan
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2 Early Review Chapters

2.1 Ligand Field Theory

Bethe [7], a physicist, developed an ionic model (crystal field theory) in the 1920s
to account for the characteristic spectra in the visible region of transition metal ions
in terms of the splittings of d orbitals in the octahedral and tetrahedral ligand
environments created in the solid state. In the isolated metal atom, the d orbitals
have the same energy, i.e. they are degenerate. The presence of the nonspherical
ligand field in the octahedral and tetrahedral environments found in the solid state
and in complexes causes the degeneracy of these orbitals to be removed in a way
that may be analysed using a combination of symmetry arguments and perturbation
theory. Van Vleck [8] adapted crystal field theory to accommodate the partial
covalency of the metal-ligand bond in the 1930s and used it to understand the
paramagnetic properties of transition metal ions. In the early 1950s, Orgel and
Griffiths recognised the broader chemical implications of the crystal field approach
and established that the ligand field theory [9-11] could be used to rationalise a
wide range of properties. Orgel’s book was particularly influential in introducing
the basic concepts of ligand field theory in a non-mathematical manner [10, 11]
which could be extended to new applications. Irving and Williams used the ligand
field theory to interpret their comparative stability constant measurements, and
Williams recognised the importance of ligand field stabilisation energies in miner-
alogy and biomineralisation [12, 13]. The subsequent development theoretical
models for transition metal chemistry are captured in the volumes of Structure
and Bonding summarising the contributions and influence of Carl Ballhausen
[14, 15].

Given the historical background to the founding of Structure and Bonding, it will
come as no surprise that the early volumes contained reviews analysing the spectral
properties of fluorides, chalcogenides, cyanides and organic Schiff base ligands
[16-20]. The specific electronic spectral features of five-co-ordinate complexes
were also discussed [21]. The effects of tetragonal and Jahn—Teller distortions were
evaluated in references [22-24].

Professor Christian Kluxbiill Jgrgensen, who was one of the founding members
of the editorial board, was a true polymath, whose research interests spanned the
whole of the periodic table and encompassed wide tracts of chemistry physics and
mathematics. As a student, he amazed his teachers with his knowledge of astron-
omy, geography, philosophy as well as chemistry. For Volume 1 of the series, he
contributed a review entitled “Recent Progress in Ligand Field Theory” [25], and he
subsequently published 20 reviews between 1966 and 1989. In the 1950s working
in Bjerrum’s laboratory in Copenhagen (Carl Ballhausen was a fellow student), he
was one of the first to recognise that the spectra of a wide range of d" and " metal
complexes could be interpreted using theoretical models originally developed
initially by Bethe and Van Vleck and being reintroduced to chemists by Orgel
and Griffiths. With Schiffer he was responsible for formulating the angular overlap
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model, and early volumes of Structure and Bonding developed the applications
[26-28]. He also recognised the importance of spin-allowed electronic transitions
and did much to measure and interpret the charge-transfer spectra of metal com-
plexes and used the data to propose optical electronegativities. As Schonherr has
noted in the two volumes of Structure and Bonding dedicated to Jgrgensen [29, 30],
“It was developed on the basis of Jgrgensen’s encyclopaedic knowledge of inor-
ganic chemistry and atomic spectroscopy and of his remarkable function as an
autodidact in the field of quantum mechanics even though he remained largely a
sceptic with regard to computational efforts in chemistry”. In addition, he will be
remembered for his definition of the nephelauxetic effect, which results from the
reduction in interelectron repulsion energies when a metal ion forms a complex and
may be related to the covalency of the metal-ligand bond. He also drew attention to
the symbiotic effects associated with the aggregation of hard and soft bases, and he
was one of the first chemists to identify the differences between innocent and
non-innocent ligands [31-34]. He also was willing to address more controversial
and speculative topics such as the plausible chemistry of yet undiscovered ele-
ments, elementary particles such as quarks and the heavy elements synthesised in
supernovae and A-type stars. He and Reisfeld published numerous papers and
reviews on the optical and luminescent properties of rare earth metals [34—36]. Elec-
tronic spectral analyses were also extended to the rare earth and actinide elements
[37—42]. The luminescent properties of the lanthanide ions have proved to be
particularly important in the development of colour display devices. Jgrgensen
was also quick to recognise the usefulness of photoelectron spectroscopy for
calibrating theoretical studies and encouraged others to publish novel applications
of photoelectron spectroscopy to inorganic systems [43—49].

As the computer power available to theoreticians expanded exponentially, there
was an increased tendency to calculate the spectroscopic data using ab initio
techniques [50-52]. The emergence of organometallic chemistry also led to greater
interest in complexes containing synergic ligands. Consequently, carbonyl [53, 54]
and sulphur dioxide complexes [55] of the transition metals were discussed in
detail, and the bonding in sandwich compounds was analysed in more detail than
that provided initially by Orgel and Moffitt [S6-58].

2.2 New Spectroscopic Methods

Nyholm in his inaugural lecture noted the importance of new spectroscopic and
magnetic techniques in characterising inorganic compounds, and the early volumes
of Structure and Bonding reported the applications of Mossbauer spectroscopy
[58], nuclear quadrupole spectroscopy [59] and resonance Raman effects
[60]. Gillard and Mitchell reviewed the application of optical rotary dispersion
and circular dichroism for determining the absolute configurations of transition
metal complexes [61, 62].
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2.3 Stabilities of Complexes

Although Alfred Werner (Nobel Prize 1913) defined the basic principles of
co-ordination chemistry at the turn of the twentieth century, it was not until 1941
that Jannik Bjerrum developed a general method for determining the stability
constants of metal complexes [63]. This long delay occurred because of the
difficulty of measuring the concentrations of the numerous species in solution and
therefore required the development of the glass electrode and pH metre [64]. After
the Second World War, the Bjerrum methodology was applied to a wide range of
complexes, and the data were analysed using graphical methods, because com-
puters were not widely available. The relevant mathematical formulae underlying
the graphical techniques were summarised in the comprehensive textbook
published by Rossotti and Rossotti in 1961 [65]. As Structure and Bonding was
being launched, the first computer programmes were developed, and this made
more complex systems accessible to analysis [66—68]. Consequently, early volumes
of Structure and Bonding contained many contributions from the leaders in the
field, who were now accumulating reliable data and beginning to draw generalisa-
tions. Reviews by Williams, Ahrland, Gutmann, Drago and Hudson featured in the
early volumes of the series [69-75].

Irving, Williams and Calvin’s systematic study of the equilibrium constants for
first-row transition metal ions in the late 1940s and 1950s had concentrated on the
relative stabilities of (M**) complexes with simple ligands, and this led to the
definition of the Irving—Williams series in 1952. They proposed that the relative
stabilities of complexes followed the order [76-79]:

Mn < Fe < Co < Ni < Cu > Zn

This order was interpreted using a combination of crystal field stabilisation energies
and ionic size effects. In the 1950s, Griffiths and Orgel had introduced inorganic
chemists to ligand field theory, which had been developed by Bethe and Van Vleck
in the 1930s, and Irving and Williams used the concepts to rationalise this stability
order. The general trend was related to the decrease in ionic radius from Mn** to
Zn**, but superimposed on this is the ligand field stabilisation energy (LFSE) which
increases from zero for high-spin d° manganese(II) to reach a maximum at nickel
(IT) and returns to zero for d'° zinc(II). Although copper(Il) has a smaller LFSE than
nickel(I), these complexes are subject to a Jahn—Teller effect, which results in
distorted octahedral complexes and at times lower co-ordination numbers, which
favour higher stability constants. A related example of increasing stability constants
across a series of the periodic table resulting from a decrease in ionic radius was
confirmed for the series of (M3 *) lanthanide ions (the lanthanide contraction)
[80]. The 4f orbitals are more core like for the lanthanide ions, and consequently
the ligand field effects do not contribute as large an effect as that noted above for the
transition metals ions.
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The measurement of stability constants of related complexes with monodentate
and polydentate ligands led to a thermodynamic understanding of the chelate effect
and the macrocyclic effect. In particular, the conversion of the equilibrium con-
stants into free energies and its partitioning into enthalpic and entropic contribu-
tions showed that the chelate and macrocyclic effects had their origins in entropic
effects [81-83]. Significant reviews which appeared in Structure and Bonding
summarising the structural and chemical consequence included Truter’s “Structures
of Alkali Metal Complexes with Organic Ligands” and Winkler’s “Kinetics and
Mechanism of Alkali Metal Complex Formation in Solution” which built on
Pedersen’s important discovery of crown ethers at the DuPont laboratories, in
Wilmington, USA [84—-86]. Jean-Marie Lehn published a review on “Design of
Organic Complexing Agents Strategies Towards Properties” in Structure and
Bonding in 1973 [87]. His outstanding research on complexes of cryptand ligands
and supramolecular chemistry resulted in him sharing the Nobel Prize in 1987 with
Pedersen and Cram. The biological implications of these new classes of ligands
which were capable of co-ordinating alkali and alkaline earth metal ions were
discussed in reviews in Structure and Bonding by Simon, Morf and Meier and
Siegel [88, 89].

From Werner’s initial studies, it established some ligands with lone pairs on
more than one atom exhibited ambidentate properties, i.e. they form complexes
through alternative donor atoms. The most widely studied ambidentate ligands
were thiocyanate SCN ™, which formed a co-ordinate bond either through S or N
and NO, ", which bonded through either N or O. In the early 1960s, when crystal-
lographic determinations were rather rare, the identification of the co-ordination
mode of ambidentate ligands was greatly facilitated by the application of infrared
studies. These studies highlighted that if the donor atoms belonged to the first and
second long rows of the periodic table, their donor properties are sufficiently
different for isomeric complexes to be isolated.

The early synthetic studies of Mann, Chatt and Jensen established that tertiary
phosphines [90] were capable of forming very stable complexes with the platinum
metals, and this led to the isolation of kinetically inert alkyl and hydride complexes
of these metals [91]. Ahrland, Chatt and Davies [92] completed detailed stability
constant determinations in 1958, which lead them to conclude that metal ions fell
into two distinct groups: Class A metal ions formed stronger complexes with
ligands whose donor atoms are N, O or F rather than those with P, S or Cl, and
Class B metal ions exhibited the reverse relative stabilities. For example, Ni%*
forms stronger complexes with amines than with phosphines, but Pt** forms
stronger complexes with phosphines than with amines. Subsequently, Pearson
generalised the observation to organic and inorganic systems and re-expressed it
as the hard and soft acids and bases theory (HSAB theory) [93, 94]. Class A metals
are hard acids and Class B metals are soft acids. HSAB theory predicts that hard
acids form stronger complexes with hard bases and soft bases form stronger
complexes with soft acids. Pearson’s analysis rationalised this behaviour by
suggesting that hard—hard interactions are predominantly electrostatic in origin,
whereas soft—soft interactions involve predominantly covalent interactions.
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Examples of hard acids are H", light alkali ions (Li through K all have small ionic
radius), Ti**, Cr’*, Cr®" and BF;. Examples of hard bases are OH ™, F~, CI~, NH;,
CH;COO™ and CO5>~. Examples of soft acids are CH;Hg*, Pt**, Pd**, Ag*, Au®,
Hg?*, Hg,**, Cd** and BH;. Examples of soft bases are H, R;P, SCN™ and I".

The early volumes of Structure and Bonding had many contributions which
reviewed the implications of the HSAB theory and also tried to unpick the funda-
mental electronic origins of the generalisations. References [95, 96] provide spe-
cific examples of chapters published in the early volumes of Structure and Bonding.
To this day, it remains a useful semi-quantitative generalisation and a useful
pedagogical tool. In 1983, Pearson and Parr extended the qualitative HSAB theory
which developed a quantitative quantum mechanically based definition of chemical
hardness [97—-100], which is proportional to the second derivative of the total
energy of a chemical system with respect to changes in the number of electrons
at a fixed nuclear environment. Pearson, Parr and other authors developed this
theme in Volume 80 (1993) of Structure and Bonding and entitled “Chemical
Hardness”.

In 2011, Herbert Mayr et al. published a critical review of the HSAB theory.
Consecutive analysis of various types of ambident organic system led them to
propose that an older approach based on thermodynamic/kinetic control describes
reactivity of organic compounds perfectly well. They argued that the HSAB
principle actually fails and should be abandoned in the rationalization of the
ambident reactivities of organic compounds [41].

2.4 Bioinorganic Chemistry

Syphilis first made its impact in Western Europe in the 1490s, which implicated
(although not proved) that it was brought back from the New World by sailors, who
participated in the Christopher Columbus’ expeditions. The treatment favoured in
Europe for syphilis was mercury in the form of “unguentum Saracenicum” (Sara-
cen’s ointment), which had been a staple of Arab medicine for the treatment of
scabs, psoriasis, leprosy and other skin diseases. This opened up the possibility that
other metal-containing compounds may have medical applications, although it took
several hundred years before it was established that metal ions occurred at the
active sites of many biological molecules. In Victorian times, gold compounds and
colloids were also used to treat rheumatoid arthritis, and in the early 1900s, Paul
Ehrlich demonstrated that organoarsenic (“arsenicals”) were also effective in the
treatment of syphilis. Barnett Rosenberg’s serendipitous discovery of the anticancer
properties of cisplatin (cis-[PtCl,(NH3),]) in 1965 coincided (serendipitously) with
the launch of Structure and Bonding [101-105]. Therefore, it is not surprising that
the early volumes contained reviews on platinum and gold drugs by Williams,
Thomson and Sadler [106, 107].

The first protein structures completed in the late 1950s had underlined the
importance of metal ions in enzymes, proteins and vitamins. Urease was shown
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Fig. 1 4Fe—4S clusters serve as electron relays in proteins

to have nickel and carboxypeptidase zinc at the active sites. The structural studies
of Kendrew and Perutz on myoglobin and haemoglobin provided a detailed under-
standing of the role of iron(I) in oxygen transport and the allosteric behaviour of
the four subunits in the latter. The concerted model of allostery postulates that
protein subunits are connected in such a way that a conformational change in one
subunit is necessarily conferred to all other subunits. For haemoglobin, simple
co-ordination chemistry concepts derived from ligand field theory were used to
understand how conformational changes at one iron atom could be transmitted to
the other iron—porphyrin centres. Dorothy Hodgkin’s X-ray structural determina-
tion of vitamin B, demonstrated that cobalt was located at the centre of a
tetrapyrrole corrin macrocycle and also has a metal-carbon bond [108]. The
emergence of this significant new research area at the interface of inorganic and
biochemistry was recognised by some of the founding members of the editorial
board of Structure and Bonding, notably Bob Williams and Joe Neilands. Structure
and Bonding therefore played an important role in promoting bioinorganic chem-
istry and demonstrating how modern spectroscopic and structural techniques could
be used to provide insights into the active sights of proteins and enzymes. The
greater understanding of the electronic and chemical properties of metal ions
afforded by ligand field theory also provided a theoretical framework for relating
the multiple roles of the metal ions in biology to principles previously established
for co-ordination chemistry. The following themes attracted particular attention in
Structure and Bonding in the 1960s and 1970s.

2.4.1 Enzymology

In many biologically important reactions involving enzymes, metal ions and water
molecules come together at the catalytically active sites of the enzymes,
e.g. carbonic anhydrase, metallophosphatases and metalloproteinases. Reviews in
Structure and Bonding sought to understand and define the function of these
metalloproteins [109, 110]. Several reviews also tackled the difficult problem of
understanding the role of chlorophyll in photosynthesis [111-113].
Metal-containing electron transfer proteins are also common and can be
organised into three major classes: iron—sulphur proteins (e.g. rubredoxins, ferre-
doxins and Rieske proteins), blue copper proteins and cytochromes. The widely
observed 4Fe—4S clusters serve as electron relays as shown in Fig. 1. These electron
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Fig. 2 Structure of
myoglobin

transport proteins are complementary to the non-metal electron transporters nico-
tinamide adenine dinucleotide (NAD) and flavin adenine dinucleotide (FAD). The
nitrogen cycle makes extensive use of metals for their redox interconversions.
These topics were comprehensively reviewed in Structure and Bonding [114—120].

Biological processes make extensive use of metals such as iron, copper and
manganese in order to utilise the dioxygen in the atmosphere [121-130]. Haem that
is utilised by red blood cells in the form of the role of haemoglobin for oxygen
transport by red blood cells is perhaps the most studied metal system in biology, but
myoglobin (shown in Fig. 2), haemocyanin and hemerythrin represent examples of
other oxygen transport systems. Oxidases and oxygenases are common throughout
nature and use dioxygen for energy generation, e.g. cytochrome c oxidase, or small
molecule oxidation, e.g. cytochrome P450 oxidases and methane monooxygenase.
Some metalloproteins are designed to protect biological systems from the potentially
harmful effects of dioxygen and hydrogen peroxide, e.g. peroxidases, catalases and
superoxide dismutases. Dioxygen first appeared in our atmosphere from photosyn-
thetic processes, which involved a metalloprotein as an oxygen-evolving complex.

More recently, it has been shown that iron haem proteins play an important
function in the neurotransmitting functions of nitric oxide.

2.4.2 Bioorganometallic Chemistry

The surprising observation of a cobalt-carbon bond in vitamin B,
(methylcobalamin) was subsequently followed by other examples and led to their
collective description as bioorganometallics. Bioorganometallic enzymes and pro-
teins include the hydrogenases, FeMoco in nitrogenase (see Fig. 3). Unicellular
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Fig. 3 Structure of {Cys }S

FeMoco, the catalytic centre
of nitrogenase

organisms are particularly able to utilise organometallic intermediates, and early
reviews in Structure and Bonding assessed whether methylation of Hg** may result
from trans-metallation of metal-carbon bonds. In the late 1960s, Minamata disease
was related to the formation of [HgMe]" [108].

It was noted above that a number of drugs are based on metal complexes. It also
became apparent that metal complexes could be used to improve the resolution of
diagnostic techniques. Thus, MRI (magnetic resonance imaging) contrasting agents
contain gadolinium ions, and technetium complexes are used as medical radio-
tracers. Carbon monoxide-releasing molecule complexes have been developed to
suppress inflammation by releasing small amounts of carbon monoxide. The car-
diovascular and neuronal importance of nitric oxide has been examined and
reviewed in recent volumes of Structure and Bonding [131].


http://en.wikipedia.org/wiki/FeMoco#FeMoco

Structure and Bonding: The Early Days 13

2.4.3 Biomineralization

Biomineralization is the process by which living organisms produce minerals,
which have the appropriate dimensions and mechanical properties to either harden
or stiffen tissue materials, which are organically based. Examples include silicates
in algae and diatoms, carbonates in invertebrates and calcium phosphates and
carbonates in vertebrates. Other examples include copper, iron and gold deposits
involving bacteria. Biologically formed minerals often have more specific uses
such as magnetic sensors in magnetotactic bacteria (Fe;O,), gravity-sensing
devices (CaCO3, CaSQOy4, BaSO,) and iron storage and mobilisation (Fe,O3-H,O
in the protein ferritin). Since extracellular iron is strongly involved in inducing
calcification, its control is essential in developing shells. The protein ferritin plays
an important role in controlling the distribution of iron [132-136].

3 More Recent Developments

When the Volume 100 of Structure and Bonding was published in 2001, Springer
decided that it was appropriate to review the series, and I was asked to act as the
series editor. From my detailed analysis of the publication record of the series
presented above, it was clear that Structure and Bonding together with Progress in
Inorganic Chemistry and Advances in Inorganic and Radiochemistry (both
published by the Wiley Group) had played a very important and distinguished
role in the renaissance in inorganic chemistry articulated by Sir Ron Nyholm, but it
was appropriate to undertake a review. It had already been decided not to publish
contributions as they were submitted and move towards themed volumes. I was
therefore encouraged to recruit an editorial board who would stimulate the commis-
sioning of volumes which were scientifically sound and reflected the current
concerns of chemists in the area of structure and bonding. In my forward, the
new editorial board noted that the subject had moved forward in the 25 years since it
was founded and redefined the aims of the series as follows:

We expect the scope of Structure and Bonding series to span the entire periodic table and
address structure and bonding issues wherever they may be relevant. Therefore, it is
anticipated that there will be reviews dealing not only with the traditional areas of chemical
bonding based on valence problems and dynamics, but also nanostructures, molecular
electronics, supramolecular structures, surfaces and clusters. These represent new and
emerging areas of chemistry.

These aims have been maintained, and we are marking the 50th anniversary by
some excellent review chapters which illustrate and amplify these aims. The
authors of the chapters were invited and chosen on the basis of an analysis of the
most cited volumes in recent years. I thank the contributors for their excellent and
accessible reviews which clearly define the power of modern structural and bonding
techniques. We hope that the readers will find their contributions interesting and
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relevant. If you feel we have omitted an important and timely topic, then please do
write to us with a short summary and a list of potential authors. We are currently
making plans for the journal’s next 50 years and thereby ensure that the strong
tradition set by the original editorial board is maintained in the future.

Acknowledgements The editorial staff at the Springer offices in Heidelberg have made an
enormous contribution to the success of the journal, and on behalf of all the editors past and
present and contributors, I should like to thank them very much for their patience and
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1 Introduction

The development of anion receptor chemistry has continued apace since the
publication of the Structure and Bonding volume on the Recognition of Anions
edited by Ramoén Vilar [1]. Our contribution to that collection provided an intro-
duction to anion receptors based on organic frameworks [2]. In the years since the
initial publication of that volume, we have seen new functional groups used to
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complex anions including new classes of receptor containing C—H hydrogen bond
donor groups in addition to compounds that employ halogen bonds or combinations
of halogen and hydrogen bonds to bind anionic guests. However, perhaps the most
significant advances in the area have been in the application of anion receptors to
new challenges including the use of anions to template the assembly of interlocked
structures and the use of anion receptors to mediate the transport of anions across
lipid bilayer membranes — with the potential for these compounds to be used as
future treatments for diseases such as cystic fibrosis and cancer. This update will
therefore highlight some of the new approaches to anion complexation that have
been developed since the publication of Structure and Bonding and provide an
overview of progress in the areas of lipid bilayer and anion transport and anions in
self-assembly.

2 New Approaches to Anion Complexation

A variety of receptors containing C—H hydrogen bond donor groups have been
reported in recent years. In 2008, Li and Flood reported the synthesis of
macrocycles containing 1,2,3-triazole heterocycles as C—H hydrogen bond donors
for the complexation of anions [3—5]. The initial report of the synthesis of com-
pound 1 (Scheme 1) [4] included an UV/vis titration study of this compound with
tetrabutylammonium chloride in dichloromethane which demonstrated that the
macrocycle binds chloride with a stability constant of 130,000 £ 30,000 M~ 'H
NMR spectroscopic studies showed that the triazole C—H proton shifted downfield
by 0.73 ppm in the presence of 10 equivalents of chloride (added as the tetrabuty-
lammonium salt in CD,Cl,). The authors proposed that the C—H hydrogen bonding
is aided by the large dipole present in the triazole ring, the positive end of which is
aligned with the C—H hydrogen bond donor.

More recently Flood and co-workers have developed another new macrocycle
containing C—H hydrogen bond donors named cyanostar (compound 7 Scheme 2)
[6]. Again this system relies on the presence of a dipole to aid hydrogen bonding
from a cyanostilbene C—H group (Scheme 2a). The macrocycle was shown to form
strong complexes with normally weakly coordinating anions such as PFs ™, Cl1O4~
and BF,™ via the formation of 2:1 receptor/anion sandwich complexes in 40%
MeOH/CH,Cl, as determined by UV/vis titration techniques.

Sindelar and co-workers have recently reported that carboxylate-functionalised
bambusuril macrocycle 9 can form remarkably strong complexes with anions in
buffered water solution with unusual selectivity (Fig. 1) [7]. The water-soluble
macrocycle was prepared with pendant carboxylate groups according to the syn-
thetic procedure shown in Scheme 3. The anion complexation properties of this
system were studied by "H NMR titration techniques in D,O in the presence of
K,DPO, at a pD of 7.1 Anions with lower association constants (F~, C1™, CN,
10, and ReO, ) (Table 1) formed complexes with 9 with fast-exchange kinetics
on the NMR timescale allowing the binding isotherms to be used to calculate
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Scheme 1 The synthesis of triazole containing macrocycle 1: () TMSCCH, [PdCl,(PPhj3),], Cul,
iPr,NH, THF, Ar, 8 h; (b) NaN3, Cul, DMEA, sodium ascorbate, EtOH/H,O/PhMe (7:3:1), reflux,
Ar, 1 h; (c) KF, MeOH, THF, 8 h; (d) CuSQy, sodium ascorbate, EtOH/H,O/PhMe (7:3:1), Ar; (e)
dropwise addition of 3 and 6b over 10 h to Cul, DBU, PhMe, Ar, stirring, 4 h. TMS trimethylsilyl,
DMEA N,N'-dimethylethylenediamine, DBU 1,3-diazabicyclo[5.4.0]undec-7-ene

association constants. More strongly bound anions (Br~, NO;~, PFs~, BF,,
I" ClO4 ) bound with slow-exchange kinetics, and therefore their association
constants were calculated using competition experiments with another anion (nor-
mally chloride). The compound forms exceptionally strong complexes with anions
in water and most interestingly with anions that are normally weakly coordinating
such as PFs , BF,  and ClO, . The authors attribute this behaviour to the anion
binding in the hydrophobic pocket provided by the macrocycle with the anion
stabilised by multiple weak C—H:--anion hydrogen-bonding interactions.
Receptors that use halogen bonds [8] to bind anionic guests have also been
explored by a number of research groups. Beer and co-workers synthesised a
bidentate halogen-bonding bromoimidazoliophane receptor 12°*.2PF,~ for anion
recognition in partially aqueous media [9]. During the synthesis (Scheme 4), both
syn and anti conformers are formed (due to the steric bulk of the bromine sub-
stituents resulting in a preorganised anion binding site) which were separated by
repeated recrystallisation of the bromide salts in methanol. The anion complexation
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Scheme 2 (a) The general preparation of cyanostilbene via a Knoevenagel condensation with
calculated dipole moment shown and (b) the one pot synthesis of the cyanostar molecule 7

Fig. 1 (a) The structure of macrocycle 9. (b) A representation of the chloride complex formed by
compound 9 with side (c) and fop (d) views of the complex with hydrogen atoms and benzyl
substituents omitted for clarity. Weak C-H--Cl” interactions are shown as dashed lines.
Reproduced with permission from Yawer et al. [7]. Copyright 2015 Wiley-VCH
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Scheme 3 The synthesis of water-soluble bambusuril macrocycle 9

Table 1 As§ociation Anion K, (MY
constants K,* for 1:1 — >
. F 1.1 x 10

complexes of bambusuril — =
macrocycle 9 with various Cl 9.1x10
anions determined by 'H CN™ " 1.1x10°
NMR spectroscopy (D,0, 104~ 6.5 x 10°

20 mM K,DPOy, pD 7.1, ReO,~ 3.0x 10*
303.15K) Br 1.4 x 10°
NO;~ 4.8 x10°

PFs~ 2.2 x10°

BF,~ 43 % 10°

I 1.0 x 107

ClO,~ 5.5 x 107

Standard deviations calculated from two independent measure-
ments are lower than 10%
PCN~ is largely protonated under experimental conditions

properties of 12**.2PF¢~ were measured by 'H NMR titration techniques in 9:1
CD;0D/D,0 solution and compared to the protic analogue 13?*.2PF, . The results
show that the halogen bond-based system 12**.2PF¢~ forms significantly stronger
complexes with bromide and iodide in this competitive solvent mixture than
analogue 13**.2PF,~ (Table 2). An X-ray crystal structure of the bromide complex
of 12* is shown in Fig. 2 with Br---Br~ bond lengths of 3.217(1) A.
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Scheme 4 Synthesis of receptors 11>*2PFs~ and 12**.2PF~. Reagents and conditions:
(a) NaOH (1 M in water), acetonitrile, reflux, yield 80%; (b) 1,3-bis(bromomethyl)benzene,
acetonitrile, 82°C, yield: 82%; (c) wash with saturated NH4PF4(aq)

Table 2 Association Receptor Anion® K, (M*I)C

constants K, for 12°*.2PF¢~ o - - 3

(syn) and 13> 2PF,~ with 127.2PF, F

halide ions* - <10
Br— 889 (37)
I 184 (15)

13°*2PF4~ F~ -

Cl™ 133 (12)
Br~ 130 (10)
I 102 (7)

“In 9:1 CD;0D/D,0 at 295 K

®Anions have been used as a tetrabutylammonium salt
“Obtained from monitoring the internal phenyl proton

9No detectable evidence of binding observed; error in parentheses

2PFg

H 132+ 2PFg

Taylor and co-workers have combined hydrogen and halogen-bonding groups in
a series of receptors including compound 14a [10]. The anion complexation
properties of this receptor were compared to analogue 14b which does not contain
an iodine substituent and therefore cannot form halogen-bonding interactions to
anionic guests. The stability constants for a range of anionic guests were elucidated
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Fig. 2 The X-ray crystal
structure of the bromide
complex of macrocycle
12*. Hydrogen atoms,
methanol and lattice
bromide anions are omitted
for clarity

Table 3 Association
constants (K,) of receptors
14a and 14b with halide
anions and free energy
contributions of the halogen
bond interaction (AAGxg)

: Recent Advances

25

Receptor Anion K, (Mfl)a AAGxg (kcal/mol)
14a BzO~ 3.3 % 10° —0.7+0.1
14b BzO™~ 1.0 x 10°

14a clr- 2.4 % 10° —2.040.1
14b cl- 86

14a H,PO,~ 8.3 x 10% —0.840.1
14b H,PO,~ 2.0 x 10?

14a Br~ 7.0 x 10° —2.0+0.1
14b Br~ 24

14a I 1.4 x 10% —1.7+0.1
14b I 8.5

14a TsO~ 54° —0.240.1
14b TsO~ 38°

14a HSO,~ 30° —0.3+0.1
14b HSO,~ 19°

14a NO;~ 21 —0.2+0.1
14b NO;~ 14

“Determined by fitting changes in "H NMR and ""F-NMR chem-
ical shift as a function of anion concentration to a 1:1 binding
isotherm (tetrabutylammonium cation, CD;CN solvent, carried
out in duplicate: uncertainty in K, values estimated to be 20%).
The reported values are the averages of K, determinations using
changes in chemical shift for one urea N_H proton and one
fluorine substituent
PAssociation constants for TsO- and HSO4~ were determined by
"E-NMR because of significant broadening of the signals
corresponding to the NH protons in the "H NMR spectrum

by 'H and '"F NMR titration techniques and the difference in binding energy
between the two compounds estimated. The results shown in Table 3 reveal the
preference for halogen-bonding interactions to halides over oxo-anionic guests.
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Anion—r interactions have come under the spotlight over the last 7 years. In 2008
Hay and Bryantsev published an important article that summarised the experimen-
tal and theoretical evidence for the nature of the adducts formed between anions and
arenes [11]. The interactions of anions with the n-systems were analysed and three
binding modes that were distinguished by their geometry and degree of covalency
identified. The authors found that addition of electron-withdrawing substituents to
aromatic rings can result in strong hydrogen bonds from the C—H groups of the
aromatic systems in excess of —100 kJ mol~'. Nucleophilic anions such as fluoride
or cyanide were found to form strong c-complexes with electron-deficient arenes,
whilst anion—r interactions were found to be most likely with large, charge-diffuse
anions such as hexafluorophosphate, tetrafluoroborate and perchlorate.

Gamez and co-workers published a review of anion—zn interactions in 2011
which in addition to surveying synthetic supramolecular examples of this type of
complex also included a search of the Protein Data Bank [12]. This revealed short
anion—r distances in some protein structures including glutathione S-transferase
from Xylella fastidiosa. In this structure, a chloride is found located over the indole
ring of a tryptophan residue with ds_,=3.72 A. Interestingly a recent report on
ketosteroid isomerase provides compelling evidence that anion—aromatic interac-
tions between the anionic Asp38 general base and two phenylalanine residues
Phe54 and Phel16 may position the general base in the active site of the protein
in lieu of a hydrogen-bonding network in this case via C—H anion interactions [13].

3 Anion Transport Across Lipid Bilayers

The development of small-molecule anion transporters to facilitate the transport of
anions across lipid bilayer membranes has progressed significantly since 2008. Up
until this point, most studies had focused on chloride transport; however, since then
studies have expanded to other anions including bicarbonate [14, 15], the transport
of which, like chloride, is impaired through the cystic fibrosis transmembrane
regulator protein in the epithelial cell membranes of cystic fibrosis patients. There
has also been a move from more complex supramolecular transporters to simpler
more “drug-like” molecules [16]. For example, in 2013 Gale and co-workers
conducted a quantitative structure—activity relationship (QSAR) study using
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Hansch analysis [17] on a series of simple thiourea-based anion transporters 15-36
in order to determine the molecular parameters that should be optimised to produce
the most effective transmembrane transporters. In this series of compounds, it was
found that transport was predominantly determined by the lipophilicity (log P) of
the transporter but that the Hammett constant of the substituent in the para-position
of the aromatic ring (which was shown to correlate with the affinity of the trans-
porters for anions) and the size of the transporters played significant albeit lesser
roles [18].

15 R=Br 26 R =0(CO)Me
16 R=CF, 27 R=0CF,

17 R=Cl 28 R =OFEt

18 R=CN 29 R =OMe

19 R =COCF, 30 R=SMe

20 R=COMe 31 R=SO,Me

21 R =COOMe 32 R=CH,

22 R=F 33 R =CH,CH,
23 R=H 34 R =(CH,),CH,
24 R=l 35 R =(CHy)3CH,
25 R=NO, 36 R =(CHy),CH,

Other very active yet structurally simple transporters that have been developed
by Gale and co-workers include squaramide-based anion transporters, e.g. 37 [19],
and bis-ureas based on an ortho-phenylenediamine scaffold, e.g. 38 [20, 21].

FF
FoC o) 0 CFs
j\;/( FoC o 0 CFs
SNH  HN %
N N
N N NH HN
FoC CFs
37 FsC CFs3 38

Davis and co-workers have employed hydrogen bond donor groups in combina-
tion with lipophilic scaffolds to produce highly effective transmembrane chloride
transporters such as compound 39 [22]. This compound was used in a study by Kros,
Davis and co-workers using giant unilamellar vesicles (GUVs) containing encapsu-
lated lucigenin — a fluorescent indicator for chloride that is quenched by the presence
of the anion [23]. This allowed for visualisation of individual vesicles by fluores-
cence microscopy and the direct observation of fluorescence quenching of internal
lucigenin due to influx of chloride into the GUVs mediated by compound 39.
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The next step in the development of synthetic transmembrane anion transporters
is to study transport processes in cells and the effects of transport on cell viability.
This work has begun recently with the effects of anion transporters on a range of
cancer cell lines studied upon addition of tren-based tris-ureas and tris-thioureas
[24], indole-functionalised ureas and thioureas [16] and tambjamines [25] with all
these systems depolarising acidic compartments within the cells and triggering
apoptosis. Recently Gale, Sessler, Shin and co-workers have shown that pyridine-
dicarboxamide strapped calixpyrroles 40 and 41 can mediate the transport of
chloride in Fischer rat thyroid (FRT) cells that express yellow fluorescent protein
(the protein fluorescence is partially quenched upon influx of chloride into the
cells). The transporters were also shown to concomitantly trigger the influx of
sodium into a range of cancer lines through endogenous sodium channels present
in the cell membranes. Further studies demonstrated that this transporter-channel
coupled influx of sodium chloride resulted in an increase in reactive oxygen species
within the cells and subsequent apoptosis [26].

B B
(@] = =
N (0] o N (0]
NH HN NH HN
Me Me

Me Me

Me Me 40 a1
Me Me

Matile and co-workers have developed a number of channel- and carrier-type
membrane transport systems employing halogen-bonding interactions. These
include functionalised calixarenes that function as ditopic ion transport systems
[27] and transmembrane halogen-bonding cascades, e.g. 42 [28]. In 2012 Matile
and co-workers reported that, remarkably, very simple organic molecules such as
trifluoroiodomethane (which is gaseous under ambient conditions) are capable of
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mediating anion transport offering the possibility of halogen-bond-based trans-
porters that may be delivered by inhalation [29].
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Returning to the hydrogen-bonding arena, the use of lipids themselves as trans-
porters has begun to be explored. J. T. Davis and co-workers have shown that the
sphingolipid ceramide 43, which forms transmembrane pores at high concentra-
tions, can act as a discrete molecular transporter at lower transporter to lipid ratios
[30]. The compound forms complexes with anions through the formation of OH and
NH hydrogen bonds and is capable of transporting chloride and bicarbonate through
EYPC lipid bilayers.

Smith and co-workers have functionalised lipids with anion binding urea groups
(44 and 45) and also prepared a control compound that has a very low affinity for
chloride (46) [31]. Compounds 44 and 45 act as chloride transporters via a relay
mechanism wherein the anion is complexed by the urea of a lipid in one leaflet of
the membrane and transported to the centre of the bilayer where it is handed to a
functionalised lipid in the other leaflet. Consequently transport only occurs when
urea-functionalised lipids are present in both the inner and outer leaflets of the lipid
bilayer membrane.
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4 Assembly and Interlocked Structures

The use of anions to template self-assembled structures has also significantly
progressed since 2008. One of the first examples of an anion-templated self-
assembled structure was Lehn’s chloride-templated pentameric circular double
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Scheme 5 Synthesis of the molecular pentafoil knot

helicate [32]. This structure was stabilised via C-H---Cl interactions in the centre
of the complex. This metal containing organic framework demonstrated very
clearly the role that anions can play in self-assembly processes. Leigh and
co-workers have revisited this paradigmatic anion-templated structure, and by
employing iron-coordinating pyridine ligands that are terminated by aldehyde
groups (47) when the circular helicate is formed in the presence of diamine 48
(Scheme 5), adjacent terminal ends of the pyridine ligands are linked via imine
bonds resulting in a continuous pentafoil knot structure around the templating
chloride anion (Fig. 3) [33].
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(a) 8, (b)

Fig. 3 (a) Top and (b) side views of the X-ray crystal structure of Leigh’s chloride-templated
pentafoil knot. Hydrogen atoms (except those binding the templating chloride anion) have been
omitted for clarity

Table 4 Anion _afsg)matlon K, (MY
constants K, (M~ ") in water

c |[Br |1 S0
Triazole receptors
HB Acyclic 49 - = 5 =
Rotaxane 51  |-* 10 20 =
XB Acyclic 50 - 15 40 =

HB/XB Rotaxane 52 |55 290 2,200 |30
Amide receptors
HB Acyclic 53 - = = =
Rotaxane 54 15 35 50 =

“No binding. Errors were estimated to be <10%

Beer and co-workers have continued their work on the synthesis of anion-
templated rotaxanes and catenanes [34, 35]. Recently this group have used
rotaxanes that employ a combination of halogen and hydrogen bonding to form
strong complexes with halides in water [36]. Acyclic and rotaxane receptors 49—54
were synthesised that contain cyclodextrin stoppers. The compounds either contain
solely halogen bond donors (acyclic receptor 50), hydrogen bond donors (acyclic
receptor 49, rotaxane 51, acyclic receptor 53 and rotaxane 54) or a mixture of both
(rotaxane 52). Association constants were measured by '"H NMR spectroscopy
anion binding titrations in D,O at 298 K. Anions were added as the sodium salts
and association constants calculated using WinEQNMR?2 with the chemical shift
data of the internal protons of the binding site. Rotaxane receptor 52 which employs
a combination of hydrogen and halogen bonds formed a particularly strong com-
plex with iodide (2,200 M) in water as compared to the hydrogen bond only
analogue rotaxane 51 (20 M) (Table 4).
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5 Conclusions

This short update has highlighted only a few of the advances in the supramolecular
chemistry of anionic species since 2008. There have been many other significant
steps forward over the last 7 years in the areas of extraction of anions from
mixtures, the development of new sensors and sensing arrays for anionic species
and in anion complexation in organocatalysis [37]. Anion receptor chemistry
continues to provide new fundamental insights into supramolecular interactions,
but we are also seeing exciting new applications for this important area of
chemistry.
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Single-Molecule Magnets and Related
Phenomena

Rodolphe Clérac and Richard E.P. Winpenny

Abstract A personal perspective is given of progress in single-molecule magnets
(SMMs) and related phenomena over the last decade. Progress is discussed under
seven headings: “Lanthanide Single-Molecule Magnets”, “Organometallic and
Low Coordination Number SMMs”, “Single-Chain Magnets”, “SMMs on Surfaces
and on the Route to Spintronic Devices”, “Molecular Nanomagnets for Magnetic
Cooling”, “Molecular Nanomagnets for Quantum Information Processing” and
“Photomagnets”. In all areas, substantial progress has been made, but the proposi-
tion is made that prototype devices are now needed for the field to make further
progress.

Keywords Magnetic cooling « Magnetic relaxation « Photomagnetism ¢ Single-
chain magnets ¢ Single-molecule magnets » Transition metal clusters
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1 Structure and Bonding

When one of us was a postgraduate at Imperial College, the physical appearance of
the Structure and Bonding series was part of the reason I started to read it. They
were thin, approachable volumes with the title and volume number in very large
font at the top of the friendly green front cover. The reason I read more than one
volume was that the content surveyed modern inorganic chemistry quickly and
authoritatively, saving me a great deal of time. I found much that influenced my
eventual research from these thin volumes, for example, reviews on polymetallic
compounds [1, 2] and their magnetic properties [3] and reviews on the seemingly
incomprehensible magnetic properties of high-spin cobalt(Il) [4]. And then when
working in Texas on gold clusters, I spent a great deal of time pouring over a lovely
article by Schmid on how to build larger clusters [5] and an article by the editor of
this volume on theoretical treatments of the bonding in such clusters [6]. The
volume containing that second article also contained a fascinating review by the
late Olivier Kahn concerning how to design magnetic molecules with predictable
properties [7]; this review hugely influenced what I chose to do once I had an
independent position. The juxtaposition of the review I needed to read preceding a
review that pointed in a new direction was always part of the charm of S&B. It is
one of the losses of the computer age that now we always find exactly the article we
want quickly, and it is much more difficult to become productively distracted.

It was therefore with a great deal of pleasure that I accepted Peter Day’s
invitation to edit a volume of Structure and Bonding, on Single-Molecule Magnets
and Related Phenomena [8]. The authors of the various chapters wrote excellent
reviews, two are officially “highly cited”, and the volume has received over 1,200
citations in total. It was also a great pleasure when the volume was updated in 2015
under the excellent editorship of Prof. Song Gao [9].

This short perspective on molecular nanomagnets (and related phenomena) has
been co-written with Dr. Rodolphe Clérac — who contributed superb reviews to both
of the previous volumes of Structure and Bonding.
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2 Importance and Significance of Single-Molecule Magnets
and Related Phenomena

The discovery in the early 1990s that a single molecule could retain magnetisation
in the absence of a magnetic field was extremely exciting [10, 11]. At the time it
was hoped that such molecules could revolutionise information storage; most
magnetic information is stored in arrays of magnetic nanostructures, and, in 1993,
a molecule was around 10° times smaller than the smallest feature in use. Sadly, in
the first decade after the initial discovery, progress towards any technological
applications was very slow.

The major challenge was the temperature at which these novel materials —
rapidly named “single-molecule magnets” (SMMs) — operated. In the best exam-
ples, an extensive family of {Mn;,} cages [12], the energy barrier to magnetic
relaxation (U,g) is around 70 K. This means that the magnetic information could
only be stored at temperatures that require liquid helium for cooling. Commonly,
such a temperature is considered to be too low for any real application, but it is
important to understand that if extraordinary behaviour or performance of
SMM-based devices could be discovered, then low temperatures would not be a
problem; for example, liquid He is used to cool the superconductor coils in modern
NMR spectrometers and magnetic resonance imagers.

The energy barrier arises from a combination of a high-spin ground state (S =10
for {Mn,}) and significant axial anisotropy of that ground state, normally reported
as the axial zero-field splitting parameter D. For integer spins Ueg = IDIS?, if D is
negative, which conventionally is the sign chosen for easy-axis anisotropy (with
H=DS,?. Until 2003, this largest energy barrier observed did not change very
much. By contrast, the number of techniques available routinely for studying the
magnetic behaviour increased dramatically. In the 1990s, characterisation of SMMs
involved low-temperature direct current (d.c.) susceptibility measurements, and, as
the temperatures involved were so low, there were few centres in the world that
could discover SMMs [13, 14]. At the beginning of this century, the use of
alternating current (a.c.) susceptibility measurements became common which
became an alternative method to discover SMMSs; the availability of
a.c. susceptibility measurements led to a huge increase in the number of reported
SMMs. High-frequency and high-field EPR spectroscopy became more common
and even the use of other spectroscopic techniques such as magnetic circular
dichroism (MCD) spectroscopy [15]. The use of MCD on a solution of a {Mn;,}
cage proved that the slow relaxation was due to individual molecules rather than
any intermolecular interaction.

Two new groups of compounds were discovered in the early 2000s, which both
offered higher energy barriers for magnetic relaxation. Firstly, one-dimensional
(1ID) systems were discovered in 2001 to exhibit slow dynamics of their
magnetisation [16] as predicted in 1963 by R. J. Glauber in the frame of the Ising
model [17]. These compounds were named single-chain magnets (SCMs) [18] by
analogy of their properties to SMMs.
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In contrast to SMMs for which the slow relaxation of the magnetisation is the
signature of isolated anisotropic complexes (vide supra), the magnetisation dynam-
ics in SCMs arises from the magnetic interactions between anisotropic repeating
units along a single chain [19, 20]. As a consequence, the energy barriers found
were immediately higher than for the SMMs as both exchange and anisotropy
energies contribute to them. Because intrachain magnetic interactions are easier
to control experimentally than the intrinsic magnetic anisotropy in SMMs, SCMs
appear to be a promising alternative for applications. Nevertheless, the physics of
the SCMs is still much less understood than for SMMs; it is particularly intriguing
[17, 20] as it often falls between physics that can be assigned to single molecules
and physics due to extended lattices.

The second group was based on monometallic complexes of the lanthanides, and
there have been huge developments here since 2006; these are covered in the next
section.

While technological applications were not forthcoming for SMMs, the field
required chemists and physicists to work closely together to understand the physics
of existing systems and to then synthesise new compounds to test the new theories
developed. SMMs lie at the boundary of quantum systems, and it became possible
to perform novel studies of quantum phase interference and parity effects [21] and
other novel quantum physics [22]. The close collaborations also created an influx of
new ideas around the physics of low-dimensional magnetic materials, including
proposals to use molecule-based nanomagnets in quantum computing [23] and in
magnetic cooling [24]. These ideas have largely inspired much of the work
performed since 2006. The strong interactions between chemists and physicists
are probably the most important outcome of the first two decades of studies of
molecule-based nanomagnets.

3 Major Developments from 2006 to 2015

It is somewhat dangerous to pick out the major developments over the last decade or
so; we restrict ourselves to seven headings, recognising we will have missed
something. We apologise for any offence caused.

3.1 Lanthanide Single-Molecule Magnets

Beyond argument, the major change between 2006 and 2015 is the change in the
elements studied; to 2006, the vast majority of SMMs involved polymetallic cage
complexes of Mn(Ill), with an occasional report of an SMM involving a cage
complex of another 3d-metal [15].

A report from 2003 by Ishikawa and co-workers changed the focus by reporting
that the U, value for a terbium-phthalocyanine (Pc) sandwich complex was an
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order of magnitude higher than that for {Mn;,} [25]. This has led to a huge amount
of work studying the dynamic magnetism of lanthanide complexes, especially
complexes of Dy(IIl) [26, 27]. The work coincided with the increase use of
a.c. susceptibility as a method to study SMMs, and this has perhaps polluted the
area a little; almost any Dy(III) complex can be made to show some slow relaxation
of magnetisation if an expert is involved in designing the experiment.

The slow relaxation of the lanthanides arises because of their electronic struc-
ture. The strong spin-orbit coupling leads to ions with very high total angular
momentum, J, and large magnetic moments, especially for the heavier lanthanides
Dy(II), Ho(III), Tb(III) and Er(Ill). In the correct coordination geometries, and
hence crystal fields, this can stabilise ground-state doublets with very high m;
values. For Dy(III), the most studied 4f-ion in this context, the ground-state doublet
is often m; = £15/2 with the other doublets at higher energy. This is a very similar
energy spectrum to that observed for 3d-SMMs, except that we are discussing ni;
levels, not mg levels, and the splitting of the doublets can, in principle, be controlled
by the symmetry of the crystal fields.

The highest U.¢r values now reported are 652 cm ! for a derivative of {TbPc,}
(28] and 585 cm ™! for Dy(III) doped into an yttrium alkoxide cage [29]. However,
higher energy barriers have not led to the same increase in the “blocking temper-
ature” Tp, i.e. the temperature at which the magnetic properties of the system show
a dependence on history. The highest value published is around 14 K, for a radical-
bridged Tb(III) dimer [30].

The reason for the disparity is that the relaxation mechanisms involved in
lanthanide SMMs are far more complex than for 3d-SMMs. This is probably caused
by the very large thermal barrier; in 3d-SMMs, the U, value is normally 60 cm ™"
at the best, and hence other routes to relaxation do not really need to be considered
to explain the dynamics. For lanthanides, other processes are clearly important, and
a feature in the next few years will be the development of methods to measure,
model and understand the relaxation processes in these new compounds.

The close relationship between the crystal field and the splitting of doublets in
lanthanide complexes also allows challenges to be laid down to synthetic chemists
in this area. For Dy(III) or Tb(III), the ideal crystal field is strongly axial, and the
most axial crystal field that could be achieved is D, It is difficult to imagine
feasible lanthanide complexes that could have such high symmetry, but the extraor-
dinary developments of metal-organic chemistry have allowed low coordination
number 4f-complexes to be made. Unfortunately, the only such complex to
approach linearity, a two-coordinate Sm(II) complex, contains an ion which is
diamagnetic at low temperature [31]. However, calculations suggest that if a
two-coordinate Dy(III) complex could be made, the U.g values found would be
double any thus far reported [31].
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3.2 Organometallic and Low Coordination Number SMM s

Most lanthanide complexes are found in the +3 oxidation state, and they can exist in
this oxidation state almost regardless of the ligands present. This allows ligands to
be used that would create diamagnetic, or at least very low spin, complexes if used
with d-block metals. Thus, it is possible to make SMMs involving cyclopentadienyl
ligands [32] or bridging hydrides [33], or even bridging N23* ligands [30], if the
paramagnetic centre involved is a 4f-ion. This opens up many more ligands, and
perhaps more importantly has brought molecular magnetism to the attention of
extraordinarily talented synthetic chemists. Magnetic studies are now being
reported of lanthanide complexes in the +2 oxidation states due to the synthetic
skills of the Evans group [34].

This has led in turn to studies of low-coordinate 3d-metal complexes as SMMs
[35]. Perhaps, the most interesting is a two-coordinate Fe(I) complex which has a
huge U, value of 226 cm ! [36], which is a little higher than the energy barrier in
the equivalent two-coordinate Fe(II) complex. It is striking that this massive barrier
has been seen in a linear compound, which has more recently been predicted to be
the ideal geometry for 4f-SMMs [31].

The involvement of chemists capable of handling ragingly air-sensitive mate-
rials has also led to actinide SMMs, chiefly of uranium as both U(IIT) and U(V) [37]
but also neptunium [38] and plutonium [39]. There are still too few examples
known for it to be clear how far this work can extend. Understanding the magnetic
properties of the 5f-ions could make a major contribution to understanding the
electronic structure of these fascinating elements.

3.3 Single-Chain Magnets and Related Systems

While before 2006, the number of papers dedicated to SCMs or closely related
systems was less than 30 [40], the last decade has seen the publication of more than
500 papers on this emerging field of research [20, 41-44]. Most of these reports are
dedicated to the preparation of new SCMs for which serendipity plays a key role
that contrasts with the designed SCM materials reported at the infancy of the field
[16, 40]. Among this massive amount of results since 2006, it is worth emphasising
the SCMs assembled from paramagnetic radical [16, 45-49] that promote strong
magnetic interaction along the chain and thus often lead to the high energy barriers
and blocking temperatures. This approach, trying to increase the intrachain inter-
actions as much as possible, is definitely an interesting synthetic strategy to explore
further in order to make SCMs at high temperatures, while attempting to organise
one-dimensional coordination network of lanthanide ions or more generally weakly
interacting spin carriers seems to be a dead end.

Unfortunately, this evolution towards the production of more and more SCM
systems does not help to understand the tricky physics of these 1D systems that is
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much less developed than the chemistry and needs simple model compounds. While
SCMs falling in the Ising limit (for which the magnetic anisotropy energy domi-
nates the exchange energy) are now relatively well understood from a theoretical
point of view [20], this is still not the case for more complicated materials in terms
of spin and interaction topologies. In most of the reports, the characterisation of
SCM properties relies mainly on the observation of the dynamics of the
magnetisation by a.c. susceptibility, while detailed static (thermodynamic) and
dynamic magnetic measurements are both required to prove unambiguously the
SCM properties. The future developments of this field of research will necessary
need the strong involvement of physicists working closer to chemists to understand
the fascinating physics behind these materials.

Another interesting development in this field was to study the influence of the
interchain magnetic interactions on the magnetisation dynamics of these systems.
As suggested by Sessoli [50] commenting the work of Ishida and co-workers on a
radical Co™ chain system [51], the intrinsic magnetisation dynamics of SCM units
might induce magnetisation hysteresis loop with very large coercivity in 3D
magnetically ordered materials. Indeed, Coulon, Miyasaka and co-workers demon-
strated that the magnetisation dynamics of SCM is preserved for materials showing
a 3D magnetic order, at least when the interchain couplings are weaker than the
intrachain interactions [52, 53]. This conclusion was drawn for antiferromagnets
and later for canted antiferromagnets [54], which also exhibit large M vs.
H hysteresis loops (like classical magnets) due to the presence of SCMs in antifer-
romagnetic interactions in the crystal packing. These reports point towards the
possibility to design new materials with hard magnet properties at high temperature
incorporating SCMs but also any units possessing an intrinsic slow magnetisation
dynamics like SMMs [52]. Detailed magnetic characterisation (static and dynamic)
involving the application of a d.c. magnetic field are now essential to fully under-
stand if a system is an SMM or SCM or possesses a magnetically ordered ground
state.

3.4 SMMs on Surfaces and on the Route to Spintronic
Devices

In 2006, the first experiments on deposition of SMMs on surfaces were being
reported, and this preliminary work looked interesting but clearly had problems
[55]. The chief problem was that {Mn;,}, the prototype SMM, decomposed when
deposited on any surface.

In the following decade, two SMMs have been studied which are stable on
surfaces which led to the idea that SMMs could become components of future
molecular spintronic devices [56]. The two most studied SMMs in this context are
derivatives of an {Fe,} stars [57], where beautiful X-ray MCD experiments show
that the SMM properties are retained when the molecules are bound to surfaces
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[58]. Unfortunately, {Fe,} does not have a very high U, but clearly this work
shows that SMMs could be placed on surfaces without destroying their properties.

The other molecules studied are the derivatives of {TbPc,} where some aston-
ishing results have been reported [59]. These reports show a real promise for
esoteric spintronic devices into the future. The most extraordinary results have
come from the team of Ruben and Wernsdorfer and have included reports of
molecular spin valves [60] and single-molecule transistors [61]. Perhaps, the most
extraordinary work involves driving Rabi oscillations in the nucleus of a single
Tb(III) ion [62]. This is revolutionary work. It is interesting that such results mirror
activities in IBM laboratories, where studies are being pursued on the magnetism
of individual metal atoms deposited by scanning tunnelling microscopes [63].
These results point towards devices that do not presently exist, i.e. they are not
just a scaled-down version of existing technology. It is in such disruptive new
devices that molecular nanomagnets could have impact and could justify liquid
helium cooling.

3.5 Molecular Nanomagnets for Magnetic Cooling

The research in the 1990s on 3d-metal cages as SMMs produced a very large
number of molecules with high-spin ground states. Unfortunately, not all of these
molecules had significant anisotropy of the spin in the ground state, and hence quite
a number of the highest-spin molecules were not SMMs. One such molecule is an
{Fe 4} cage made by the Mclnnes group [64]. This molecule has an S =25 ground
state and vanishingly small anisotropy. These parameters are ideal for use as
molecular magnetic coolants, using the magnetocaloric effect (MCE).

The MCE is intrinsic to any paramagnet and occurs because the entropy of the
system changes on magnetisation or demagnetisation [65]. On magnetisation, the
system becomes more ordered; when an external magnetic field is switched off, this
additional order is lost and hence the magnetic entropy goes up. If the system is
ordered, then that additional entropy is gained by absorbing lattice phonons. This
cools the system. The MCE is greatest for isotropic systems and is not so great for
SMMs [24].

The observation of significant MCE for molecular nanomagnets has spawned a
huge number of papers [66]. As with a.c. susceptibility measurements on Dy(III)
complexes, it is quite straightforward, albeit expensive in time and liquid helium, to
measure the MCE on isotropic polymetallic cage complexes. Unfortunately, the end
result of all these studies is probably that the most important molecular parameter is
the percentage, by weight of the isotropic metal present in the material studied; as a
result, one of the highest MCE values reported is for [Gd(OH)(CO3)],,, which is not
very far from the gadolinium oxides already used for this application [67]. However,
some beautiful new physics has been seen, including signatures of quantum critical
points in direct studies of the magnetic cooling by a {Gd;} disc [68].
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3.6 Molecular Nanomagnets for Quantum Information
Processing

The original idea by Leuenberger and Loss to use crystals of {Mn,} to perform
quantum computation [23] has been heavily cited, but comparatively little progress
has been made to implement the experiments proposed. This may be because they
would be technically extremely demanding.

A later proposal by the Loss group to use molecular nanomagnets with S =1/2
ground states for quantum information processing has led to much more new
chemistry [69]. The idea is that an S=1/2 molecule is a two-level system
(mg=+1/2 and mg= —1/2) and could function as a quantum bit, invariably abbre-
viated as qubit. There are many molecules that could so function; one family that
has been extensively studied to this end is {Cr;Ni} rings [70]. One question about
using molecular nanomagnets in this context is the phase memory time Ty, (also
called the coherence time and, confusingly, the decoherence time), which is the
time the phase of the information is retained before it decays. Pulsed electron
paramagnetic resonance (EPR) spectroscopic studies were reported in 2007 [71]
that T, is around 3 pS if ligands are deuterated but is far shorter if the ligands have
natural abundance 'H presence. This suggested that a major cause of decoherence
was electron-nucleus hyperfine interactions, and since 2007 several groups have
worked to maximise T}, by minimising the number of H atoms present in molecules
and by using simple complexes with rigid ligands. Such approaches have led to T},
values approaching 70 pS, for example, in copper dithiolate complexes [72]. This is
extremely promising.

Other implementation strategies have been examined. Probably the most
advanced involves simple organic radicals and has been pursued by the Takui
group, who has reported a C-NOT gate using an organic di-radical [73]. The
Aromi group has also proposed using the Kramer’s doublets of hetero-bimetallic
lanthanide complexes for two-qubit gates [74]. These two approaches have very
different possible implementations but both involve g-engineering. In the organic
di-radicals, the very high resolution possible for EPR spectroscopy of organic
systems allows the different radicals to be addressed even though the g-values are
quite close. In the dilanthanide case, the g-values are vastly different. Very recently,
g-engineering has also been used for d-block spin centres, combining the {Cr,;Ni}
rings with Cu(Il) complexes [75]. Implementation of another universal quantum
gate, the VSWAP gate, was proposed wusing di-radicals within a
polyoxometalate [76].

These proposals and experiments show a great deal of promise for this approach,
but it is now becoming essential for the area to retain credibility for a simple
algorithm to be performed using molecular electron spins. It is also noticeable that
all the studies being reported involve simple paramagnets, and not SMMs. How-
ever, it was the collaborations established while SMMs were being explored that
has led to this somewhat different science of paramagnetic compounds.
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3.7 Photomagnets

In the past decade, important research activity has been devoted to photoactive
magnetic systems and in particular to magnets that can be controlled or induced by
light irradiation, i.e. photomagnets. Three different kinds of photomagnets should
be highlighted here: (1) photo-SMMs, (2) photo-SCMs and (3) photomagnets for
which a 3D magnetic order is photoinduced. Interestingly, all these systems rely on
two different photoactive mechanisms, the well-known spin-crossover properties of
the Fe'' metal ion and the metal-metal electron transfer processes in cyanido-
bridged metal ion assemblies (Prussian blue analogues). In 2012, Oshio and
co-workers reported the first photoinduced SMM in an hexanuclear Fe/Co Prussian
blue analogue [77], and shortly after in 2013, Long, Smith and co-workers discov-
ered the same photomagnetic properties in mononuclear Fe(Il) spin-crossover
complexes [78, 79]. Photoinduced SCM properties were first demonstrated by
Sato, Oshio and co-workers in one-dimensional Fe/Co and Fe/Fe Prussian blue
analogues thanks to the intrachain electron transfer between Co and Fe metal ions
through cyanido bridges [80-82] or to the spin-crossover properties of the Fe
(ID) site [83]. Related to these breakthrough results, it should be mentioned that
Bogani and co-workers suggested that the magnetisation dynamics of SCM systems
could be photo-controlled by domain-wall kickoff mechanism [84]. Even if this
result requires further confirmation on different SCMs, it opens a completely new
field of investigations with the ultimate goal to improve the optical switching
methods for application.

In molecule-based materials, a photoinduced magnetic order was first discovered
in 1996 by Hashimoto, Fujishima and co-workers in 3D Fe/Co Prussian blue
analogues [85]; this system has subsequently been studied in great detail by
Bleuzen, Verdaguer and co-workers [86]. Since then, only a few examples of
photomagnets have been reported, most of them relying on the metal-metal electron
transfer mechanism in Prussian blue analogues or related cyanido-based systems
[86, 87].In 2011, the discovery of the first photoinduced magnetic order based on a
spin-crossover process is probably one of the most exciting results in the field of
molecular magnetism for the past decade. By a judicious choice of the blocking
ligand, Ohkoshi, Tokoro and co-workers were able to tune the ligand field of Fel!
metal ions in order to stabilise thermally and photoinduced spin-crossover pro-
cesses at this site and at the same time incorporate this Fe'' unit into coordination
networks that can promote magnetic interactions between spin carriers (in these
materials, between Fe'' and Nb" through cyanido bridges) [88]. This inspiring
result led to the design of new photomagnets modulating the Fe' nitrogen-based
ligands as reported by Sieklucka and co-workers [89] and Ohkoshi’s group that was
able to implement chirality to a cyanido-based Fe'/Nb'Y photomagnet inducing
remarkable magneto-optical switching properties [90].
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4 A Prediction of Future Developments

While reviewing progress over the previous 10 years is difficult, making predictions
concerning future developments is largely impossible. There is one development
that is needed, if the area of molecular nanomagnetism is to continue to thrive.

The field needs some form of device. The area arose from observations of
magnetic information storage in individual molecules at very low temperatures
[10, 11]. Recent developments have suggested that the temperature at which
information could be stored in molecules could rise to temperatures achievable
with liquid nitrogen cooling [30, 31], if we can understand relaxation processes in
lanthanide SMMs and learn to control them. However, given the maturity of the
information storage industry how technologically applicable this will be is
debateable. The use of molecular electron spins in quantum information processing
might be a more productive area, simply because it would not be competing with
such mature technology. Again, however, there is a need to perform some simple
algorithms simply to maintain credibility.

The MCE bubble may be coming to an end, simply because studies tend to lead
back towards very simple compounds such as [Gd(OH)(COs3)]. However, possible
applications of molecular MCE materials are much easier to see; for example,
coating materials with magnetic coolants should be easier from molecular pre-
cursors than from inorganic solids. Again, the discovery of a useful device would
make a massive difference to work in the area.

The extraordinary experiments reported by Ruben and Wernsdorfer and their
co-workers [60—62] possibly show the most promise for exploitation, despite the
fact that they are also the most technologically challenging. The justification for
such an opinion is that such experiments cannot be performed by other means — the
molecular nanomagnet is a key component, and there is no existing technology that
would allow similar experiments at any temperature. The drawback of this
approach is its lack of scalability; the method for making the devices is stochastic,
and a major challenge must be to devise a method to make multiple equivalent
single-molecule devices in a controlled and reproducible manner. Such an achieve-
ment could lead to implementation of molecular spintronic devices.
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Progress in the Area of High Energy Density
Materials

Thomas M. Klapotke and Robert D. Chapman

Abstract Great strides have been made in increasing performance and decreasing
sensitivity in energetic materials since the first commercialization of nitroglycerine
(NG) in the form of dynamite in 1867 by Alfred Nobel. However, the high energy
manufacturers continue to rely on traditional chemicals to meet their needs. New
energetic materials must be developed to extend their capabilities and handling
capabilities. The new materials which have been prepared recently have led to new
possibilities. Important advances have been made especially in the area of high-
nitrogen compounds, organic difluoramine derivatives. Computational simulations
have also led not only to a greater insight into the basic thermodynamics and
kinetics of these materials but also their practical behavior in the field. This chapter
summarizes new developments that have been achieved since Volume 126 of
Structure and Bonding, which was published in 2007 and gave a comprehensive
review of the field.

Since the book “High Energy Density Materials” was published in 2007 [Structure and Bonding,
Vol. 125/2007: High Energy Density Compounds, T. M. Klapotke (vol. editor), D. M. P. Mingos
(series editor), Springer, Berlin/Heidelberg, 2007], significant advances have been made
especially in the area of high-nitrogen compounds, organic difluoramine derivatives, and
computational simulations.
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BDNPA/F  1:1 Mixture of bis(2,2-dinitropropyl) acetal and bis(2,2-dinitropropyl)

formal

CBNT Carbonic dihydrazidinium bis[3-(5-nitroimino-1,2,4-triazolate)]
DNAN dinitroanisole

FOX-7 1,1-Diamino-2,2-dinitroethene

HMX Octogen

HNFX 3,3,7,7-Tetrakis(difluoramino)octahydro-1,5-dinitro-1,5-diazocine

LLM-105  2,6-Diamino-3,5-dinitropyrazine 1-oxide

NG Nitroglycerine

NTO Nitrotriazolinone

PrNQ Propyl nitroguanidine

RDX Hexogen

TKX-50 Bis(hydroxylammonium) 5,5 -bitetrazolate 1,1’-dioxide
TNT Trinitrotoluene

1 FOX-7 and LLM-105

As part of a more extensive theoretical study the properties of 3,5-dinitro-2,6-
diaminopyrazine (I), 3,5-dinitro-2,6-diaminopyrazine 1-oxide (II, LLM-105) and
3,5-dinitro-2,6-diaminopyrazine 1,4-dioxide (III) were studied [1] (Fig. 1).

The most important findings of this computational study can be summarized as
follows:

1. The enthalpies of formation for 2,6-diamino-3,5-dinitropyrazine (),
2,6-diamino-3,5-dinitropyrazine l-oxide (II), and 2,6-diamino-3,5-
dinitropyrazine 1,4-dioxide (III) were calculated using the complete basis set
(CBS-4 M) method in order to obtain very accurate energies and compared with
experimental values that were available for I and II.
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Fig. 1 Structures of 3,5-dinitro-2,6-diaminopyrazine (I), 3,5-dinitro-2,6-diaminopyrazine
1-oxide (II, LLM-105) and 3,5-dinitro-2,6-diaminopyrazine 1,4-dioxide (III). Reproduced from
Gokemar et al. [1], with kind permission of Elsevier
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Fig. 2 Computed detonation parameters for I, II, III and RDX. Reproduced from Gokginar
et al. [1], with kind permission of Elsevier

2. The detonation parameters of I, II, and III were calculated and shown to
increase from I via II to III (Fig. 2).

3. The dioxide III is expected to be a good candidate with calculated detonation
velocity and detonation pressure even slightly higher than those of RDX (Fig. 2).

4. The computed electrostatic potentials of compounds I, II, and III revealed that
attaching N-oxide substituents to the aromatic ring (compounds II and III) gives
rise to a considerable imbalance between stronger positive regions and weaker
negative ones which can be related to the impact sensitivities (Fig. 3). Although
compound III would be expected to show higher sensitivity than compound II
(LLM-105), since it exceeds the explosive power of II and its performance is
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Fig. 3 Electrostatic potentials of compounds I (left), II (right) and III (bottom). (B3LYP/6-31G
(d), 0.001e bohr™* isosurface, energy values —0.06 H to +0.06 H); color coding: red (very
negative), orange (negative), yellow (slightly negative), green (neutral), turquoise (slightly pos-
itive), light blue (positive), dark blue (very positive). Reproduced from Gokginar et al. [1], with
kind permission of Elsevier

Table 1 Computed and experimentally observed relative "N NMR chemical shifts d (ppm) of
compound II (LLM-105)

Abs. isotropic

Rel. chem. shift, &

Exptl. chem. shift, &

shielding (ppm) (ppm)
H3;CNO, —116.8 0.0 0.0
N (amino) +177.4 —294.2 —292.1
N-oxide +17.0 —133.8 —139.8
N (second —25.5 -91.3 —106.6
ring)
N (nitro) —102.4 —14.4 —16.1

comparable or even slightly higher than that of RDX, it is still very interesting

and might be a suitable replacement explosive for RDX.
. The computed N NMR chemical shifts are in good agreement with the

experimentally observed values for compound II (Table 1) which gives credence
to the reliability of the computed chemical shifts for compounds I and III.



Progress in the Area of High Energy Density Materials 53

The results obtained in this study should encourage synthetic work in order to
prepare 2,6-diamino-3,5-dinitropyrazine 1,4-dioxide (III) on a laboratory scale and
to experimentally evaluate its properties, first and foremost its thermal stability.

A study investigating the reactivity of NTO and FOX-7 toward alkyl isocyanates
may be of interest to chemists working with PBXs containing FOX-7, where curing
with isocyanates might be involved [2].

The reactivity of the less-sensitive explosives NTO (5-nitro-1,2,4-triazolin-3-
one) and FOX-7 (1,1-diamino-2,2-dinitroethene) toward simple alkyl isocyanates
was investigated experimentally. New carboxamidic derivatives were synthesized
by reacting the explosives with 1-isocyanatohexane (NTO and FOX-7) and
1,6-diisocyanatohexane (NTO only) under relatively mild conditions. The new
products were characterized by a combination of 'H and '>’C NMR and FTIR
spectroscopy, single crystal X-ray diffraction, and differential scanning
calorimetry.

2 High-Nitrogen-Containing Compounds

TKX-50 (bis(hydroxylammonium) 5,5'-bitetrazolate 1,1’-dioxide) is one of the most
promising ionic salts being developed as a possible replacement for RDX [3-6]. It
can be prepared on a >100 g-scale scale by the reaction of 1,1’-dihydroxy-
5,5'-bitetrazole with dimethyl amine which forms the bis(dimethylammonium)
5,5 -bitetrazolate 1,1’-dioxide salt which is then isolated, purified, and subsequently
reacted in boiling water with two equiv. of hydroxylammonium chloride to form
TKX-50, dimethylammonium chloride, and HCI (Fig. 4).

TKX-50 shows high performance with respect to its detonation velocity and C-J
pressure, but a desirable low sensitivity toward impact and friction (Fig. 5).

The thermal behavior of TKX-50 (bis(hydroxylammonium) 5,5'-bitetrazolate
1,1’-dioxide) and the kinetics of its thermal decomposition were studied using differ-
ential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The ther-
mal decomposition of TKX-50 starts to occur within the range 210-250°C depending
on the heating rate used.

By applying multiple heating rate DSC measurements and Ozawa’s iso-
conversional model free method, an activation energy of 34.2 kcal mol ' and
pre-exponential factor of 1.99 x 10'* s~! were calculated from the DSC peak
maximum temperature—heating rate relationship.

By applying non-isothermal TGA experiments and the Flynn—Wall iso-
conversional model free method, it was found that the activation energy changes
with conversion and lies between 34.7 and 43.3 kcal molfl, while the
pre-exponential factor ranges from 9.81 x 10" to 1.79 x 10'° s~

The enthalpy of formation of TKX-50 was calculated as AH{°(TKX-50)=
+109 kcal mol ', The experimentally determined value based on bomb calorimetry
measurements is AH(TKX-50) = +113 + 2 kcal mol .
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Fig. 4 Synthesis of TKX-50
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Fig. 5 Performance (detonation velocity and C-J pressure) and sensitivity data (impact and
friction) of TKX-50 in comparison with other high explosives. Reproduced from T. M. Klapotke
[6], with kind permission of de Gruyter]

+ 300

The calculated detonation parameters as well as the equations of state for the
detonation products (EOS DP) of the explosive materials TKX-50 and MAD-X1
(and also for several of their derivatives) were obtained using the computer program
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EXPLOS V.6.01. These values were also calculated for standard explosive mate-
rials which are commonly used such as TNT, PETN, RDX, and HMX, as well as for
the more powerful explosive material CL-20 for comparison. The determination of
the detonation parameters and EOS DP was conducted both for explosive materials
having the maximum crystalline density and for porous materials of up to 50% in
volume. The influence of the content of the plastic binder which was used
(polyisobutylene up to 20% in volume) on all of the investigated properties was
also examined.

Calculated results on shock wave loading of different inert barriers in a wide
range of their dynamic properties under explosion on their surfaces of concrete size
charges of different explosive materials in various initial states were obtained with
the use of the one-dimensional computer hydrocode EP. Barriers due to materials
such as polystyrene, textolite, magnesium, aluminum, zinc, copper, tantalum, or
tungsten were examined (Fig. 6). Initial values of pressure and other parameters of
loading on the interface explosive barrier were determined in the process of
conducted calculations. The phenomena of propagation and attenuation of shock
waves in barrier materials were also considered for all possible situations.

From these calculations, an essentially complete overview of the explosive
properties and characteristics of shock wave action on barriers were obtained for
several new and also for several standard explosive materials for comparison
(Figs. 7, 8, and 9; Table 2). The results which were obtained suggest that in a
wide range of their initial states (porosity, inert binders), the new explosive
materials TKX-50 and MAD-X1 possess better explosive properties and shock
wave action on practically every compact barrier which was considered, in com-
parison with standard explosive materials including the military explosive RDX.
The large number of the calculated results which were obtained can be used to study
the influence of different factors on the explosion and shock wave action of new
explosive materials. Furthermore, some of these results can then be used to plan
experiments to confirm the predicted properties.
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Fig. 7 Acceleration of copper plates by free charges of HMX (1), TKX-50 (2), MAD-X1 (3), and
RDX (4). Reproduced from T. M. Klapotke [6], with kind permission of de Gruyter
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Fig. 8 Acceleration of tantalum cylindrical layers by charges of HMX (1), TKX-50 (2), MAD-X1
(3), and RDX (4). Reproduced from T. M. Klapotke [6], with kind permission of de Gruyter
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Fig. 9 Acceleration of a cylinder (1 =v; 2 =r; 3 = E}) by a porous charge of TKX-50 (/eft) and by
porous charges of HMX (1), TKX-50 (2), MAD-X1, (3) and RDX (4). Reproduced from T. M.
Klapotke [6], with kind permission of de Gruyter

Table 2 Calculated cylinder energies for TKX-50 and RDX

% of standard

Compound V/V,, Ec/kJ cm ™ TATB | PETN | HMX | C1-20
TKX-50

22 | —-8.16 168 128 1109 190
RDX

22 | —6.94 143 1109 193 |77
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Tall)le g }ltesults‘ohf a small- Explosive Mass (mg) Dent (mg SiO,)
scale shock reactivity test
(SSRT) RDX 504 589

CL-20 550 947

TKX-50 509 857

Table 4 Compatibility of TKX-50 performed according to a vacuum stability test (STANAG
4556 ED.1), 40 h, 100°C (compatible 0.0-3.0 mL)

Material Reactivity of mix (mL) Result
TKX-50 0.067 Pass
TKX-50 and CuO 0.62 Pass
TKX-50 and steel shavings Negligible Pass
TKX-50 and Al powder 0.13 Pass
TKX-50 and R8002 2.4 Pass
TKX-50 and BDNPA/F 0.94 Pass
TKX-50 and Chlorez wax Negligible Pass
TKX-50 and Viton Negligible Pass
TKX-50 and DNAN Negligible Pass
TKX-50 and TNT Negligible Pass
TKX-50 and NTO Negligible Pass
TKX-50 and HMX Negligible Pass
TKX-50 and PrNQ 1.2 Pass

An experimental small-scale shock reactivity test (SSRT) (Table 3) was in good
agreement with the calculated cylinder energies (Table 2).

The detonation velocity was measured by the electrical method using an elec-
tronic timer and fiber-optic probes. Apparently TKX-50 has a large critical diameter
(>3 cm) but shows a high detonation velocity of 9,460 m s~ ' in a cylindrical
40 mm tube.

While TKX-50 shows good compatibility with other energetic fillers, binders,
and plasticizers as well as with most metals and metal oxides (Table 4), its purity is
crucial in order for it to exhibit good compatibility with all of the above for use in
formulations.

Another very promising ionic energetic material is carbonic dihydrazidinium
bis[3-(5-nitroimino-1,2,4-triazolate)] (CBNT) which was first synthesized in 2010
by Shreeve et al. [7] (Fig. 10). The salt is thermally stable up to 220°C and has a
high density of 1.95 g cm ™ and very good calculated detonation parameters of
VoD =9,399 m s~ and pc_y = 360 kbar.
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CBNT

Fig. 10 Structure of carbonic dihydrazidinium bis[3-(5-nitroimino-1,2,4-triazolate)] (CBNT).
Reproduced from T. M. Klapotke [6], with kind permission of de Gruyter

3 Organic Difluoramine Derivatives

This review will emphasize recent developments in the synthesis and character-
ization of organic difluoramine derivatives (NF, being the difluoramino group),
including theoretical treatments, since the previous review in this series [8], which
discussed technical reasons for interest in this class of compounds and reviewed the
literature on this class from the late 1980s to about 2007.

Relatively little literature on experimental aspects of organic difluoramine
chemistry has appeared since 2007.

The Shreeve group prepared and characterized nitrogenous-cation salts of
5-(difluoramino)difluoromethyl]tetrazole, including ammonium, 1,5-diamino-4-
methyltetrazolium, and 4-amino-1-methyl-1,2,4-triazolium [9].

A series of US patents [10—12] has issued related to a scalable one-pot process to
prepare 3,3,7,7-tetrakis(difluoramino)octahydro-1,5-dinitro-1,5-diazocine (HNFX,
1) from suitably protected 1,5-diazocine-3,7(2H,6H )-dione intermediates, espe-
cially the 1,5-bis(4-nitrobenzenesulfonyl) derivative, via the process of protolytic
denosylation of the 3,3,7,7-tetrakis(difluoramino) intermediate — prepared by
difluoramination of the dione reactant, as previously reported [13] — conducted in
superacids such as trifluoromethanesulfonic. The resulting denosylated, protonated
diazocinium salt readily underwent N-nitration in situ to HNFX (Scheme 1).

Octafluoropentaerythrityltetramine (octafluoro-PETA), which might be consi-
dered a difluoramino analog of PETN, was prepared by direct fluorination (with F,/
N,) of tetraethyl pentaerythrityltetracarbamate, C(CH,NHCOOC,Hs),, in aceto-
nitrile at subambient temperatures [14]. However, octafluoro-PETA’s physical
properties, especially its low melting point (40-42°C) and high volatility, were
not conducive to practical applications in explosive formulations [15].

Conditions for iodometric determination of aqueous N,N-difluorourea (DFU)
content — the precursor typically used for generation of difluoramine (HNF;) via
acidic hydrolysis — have been optimized by Kang et al. [16]. Although iodometric
titration of aqueous DFU has long been prescribed, even in the very first report of
difluorourea prepared and isolated by this method [17], the procedure had not been
reported as optimized for accurate assessment of DFU concentration. The rather
specific and non-ambient conditions reported for the optimized process may explain
earlier discrepancies in DFU content measured after following a specified proce-
dure for its preparation [18]: 1.21 M measured by a submitter vs. 0.99 M measured
by a checker.



Progress in the Area of High Energy Density Materials 59

F,NSO,H

FN QFE .50, F,N NF, FoN Esz
Vi CF,SO.H \ HNO, N
Ns— N N-Ns — " 3 HNO ONH, — 3 ON-N N- NO,
H,SO, w
F,N NF, F,N NF, CF;S0,H F,N NF,

1

Scheme 1 A scalable preparation of HNFX (1): protolytic N-denosylation plus simple nitration

Belter (Y-Not Chemical Consulting) has prepared a variety of organic difluor-
amine derivatives (alkanes, arenes, ethers) by reactions of corresponding substrates
with nitrogen trifluoride (NF3) at 400°C in a vapor phase reactor [19]. N,N-Difluor-
aminoalkanes were also prepared by reactions of NF; with various alkylmagnesium
(Grignard) reagents in diethyl ether solvent at subambient temperatures [20, 21],
and their '”F NMR spectra were analyzed in detail.

Zhang et al. [22] recently reported the preparation and additional character-
izations of 3,3-bis(difluoraminomethyl)oxetane, which was previously described in
patents by Archibald et al. [23, 24].

McPake et al. have described preparations of various N,N-difluoroanilines by
direct fluorination (10% F,/N, in acetonitrile solvent) of certain substituted
polyfluorinated anilines using newly developed continuous flow methodology for
this transformation [25].

A detailed study of infrared and Raman spectra of HNFX has been published by
Weck et al. (University of Nevada at Las Vegas) [26]. Della Védova and coworkers
measured vibrational properties of difluoraminocarbonyl fluoride, F,NC(O)F, and
difluoraminocarbonyl isocyanate, F,NC(O)NCO from their FTIR spectra, as well as
the Raman spectrum of the latter and studied conformational spaces of both
derivatives using the B3LYP and MP2 level of theory [27].

HNFX, upon detonation, has been demonstrated to be an efficacious sporicide
against Bacillus thuringiensis, a surrogate for anthrax spores: a detonation of 2.90 g
of HNFX in a sealed chamber of 8.5 L volume achieved a kill rate of >9 logo
orders of magnitude following a 5.0-second exposure after detonation [15, 28]. By
comparison to a similar test with HMX — resulting in an apparent kill rate of only
~0.2 log;( reduction after 0.4 h of exposure following a detonation of 2.67 g of
HMX - the high killing efficiency achieved by HNFX detonations was assessed to
be a genuine chemical effect, caused by very reactive transient chemical species
(such as atomic fluorine or formyl fluoride) formed during detonation and not due to
extreme temperature or pressure conditions that occurred in those experiments.

Pan (Nanjing University of Science and Technology) and coworkers have used
thermogravimetry and differential scanning calorimetry (TG/DSC) techniques to
study thermal decomposition mechanisms of certain difluoramine monomers and
polymers: poly[3-(difluoraminomethyl)-3-methyloxetane] (PDFAMO), including in
binary mixtures with various other explosives [29, 30], and copolymers poly[3,3-bis
(difluoraminomethyl)oxetane—tetrahydrofuran], poly[3-(difluoraminomethyl)-3-
methyloxetane—tetrahydrofuran), and poly[3,3-bis(difluoraminomethyl)oxetane—3-
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(difluoraminomethyl)-3-methyloxetane—tetrahydrofuran] [31]. Mass spectral frag-
mentation pathways of 3,3-bis(difluoraminomethyl)oxetane and 3-(difluoramino-
methyl)-3-methyloxetane were studied by electron ionization mass spectrometry [32].

The large majority of publications on organic difluoramine derivatives, which
have appeared since the last review, have dealt with computational aspects. The
difluoramines are often subsets of collections of a range of substituted structures
whose properties were calculated. The following structural systems have been
studied in these theoretical treatments.

Fan and Ju (Nanjing University of Science and Technology) studied geometric
and electronic structures, as well as heats of formation, of four-membered rings
(cyclobutane, azetidines, oxetanes) with various energetic substituents, including
NF, [33]. Ju et al. also studied, by density functional theory (DFT), the stability of
the theoretical structure 1,3,5-triamino-2,4,6-tris(difluoramino)benzene in compar-
ison to that of TATB [34]. Fan et al. reported the strain energies of cubane
derivatives with different substituent groups, including NF,, derived from total
energies of the optimized geometric structures at the DFT-B3LYP/6-31G* level
[35]. Other cubane derivatives have been studied by Campanelli et al. for electronic
substituent effects induced in 4-substituted 1-phenylcubane derivatives, Ph-CgHg-X,
including X=NF, [36]; the same group reported a similar study of electronic
substituent effects across the 1,12-dicarba-closo-dodecaborane cage [37]. Various
derivatives of ‘“2-diazo-4,6-dinitrophenol” (DDNP) with additional energetic sub-
stituents, including NF,, have been studied [38]. Ueda and Takahashi calculated
ionization potentials and relaxation energies of a variety of small molecules, includ-
ing NF,CXO (X=H or F) [39]. A theoretical study of the vibrational spectra and
thermodynamic properties of certain derivatives (including difluoramino) of
2,2’ 4,4’ ,6,6'-hexanitrostilbene was reported by Wang et al. [40].

Thermodynamic properties of theoretical difluoramino derivatives of a wide
variety of heterocyclic systems have been studied computationally: piperidines
and diazocines, including HNFX [41]; 1,2,4,5-tetrazines [42]; pyrazoles [43]; a
series of substituted 2,2’-bi-1H-imidazoles [44]; 3,3'-azo-1,2,4,5-tetrazine deri-
vatives [45]; monocyclic furazans [46]; tetrazolo[1,5-b][1,2,4,5] tetrazine and
1,2,4-triazolo[4,3-b] [1,2,4,5]tetrazine derivatives [47]; various C- and N-
(difluoramino)tetrazolium salts [48]; bifurazans and various bridged difurazanyl
systems [49]; substituted 2,2',4,4’,6,6'-hexanitroazobenzene derivatives [50]; 1,1’-
and 5,5'-bitetrazoles and various bridged ditetrazolyl systems [51]; azo- and
hydrazo-1,3,5-triazines [52]; guanidinium salts of various 4,6-substituted
2-nitramino-1,3,5-triazines [53, 54]; 2,2-bi-1,3,5-triazines and various 2,2'-bridged
ditriazinyl systems [55]; furazano[3,4-b]pyrazines [56]; 2.4,6-trinitropyridine
1-oxide derivatives [57]; various derivatives of 5-amino-1-(3,5-dinitro-2-
pyridinyl)-3-nitro-1H-1,2,4-triazole [58]; various C- and N-difluoramino- and
(difluoraminomethyl)-substituted C- and N-(trinitromethyl)tetrazoles and 1,2,4,5-
tetrazines [59]; energetic nitrogen-rich salts of tetrazole-based anions with sub-
stituents such as NF,, CH,NF,, CF,NF,, or C(NO,),NF, [60]; tetrazole- and
tetrazine-based high-density compounds with oxygen balance equal to zero [61];
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poly(difluoramino)purines [62]; 2,2'-bipyridines and various 2,2'-bridged dipyridyl
systems as well as their N-oxides [63]; variously substituted 1,2,4-triazoles, includ-
ing the anionic forms of NF,-substituted derivatives [64]; various pyridines [65];
and C-substituted 4,4’-azobi-1,2,4-triazoles [66].

4 Summary

Future research will lead to even more powerful, high-nitrogen high-oxygen explo-
sives with enhanced and superior detonation parameters to fulfill the lethality
requirements of all forces. New energetics will provide vastly increased energy
content over RDX, up to several times the energetic performance. In addition, these
materials will have a high energy density with a high activation energy.

With these capabilities, DoD will be able to develop new applications for ener-
getic materials and vastly improve performance in current munitions. The increased
performance of the next generation of energetics will enable DoD to meet the same
strategic goals with fewer munitions and less energetic material. The increase in
energy output can be harnessed in munitions that require a fraction of the amount of
energetics to deliver the same payload or thrust profile. This will allow engineers to
put energetics in munitions that have never had them before.
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Applications of Layered Double Hydroxide
Materials: Recent Advances and Perspective

Rui Tian, Ruizheng Liang, Min Wei, David G. Evans, and Xue Duan

Abstract Layered double hydroxides (LDHs) are a class of layered materials with
highly tunable composition and controllable morphology. The layered structure of
LDHs enables fabrication of a large variety of intercalated, assembled, and hybrid
materials which have a wide range of applications as photofunctional materials and
bio-related materials, in catalysis and electrochemistry, and as multifunctional
materials. The efficacy of LDHs in many applications can be attributed to the
confined microenvironment of the guest species and the host—guest interactions.
In this review, we will first summarize the synthetic strategies used to produce
LDHs and LDH-based materials and then discuss their host—guest interactions and
finally their applications.

Keywords Bio-application ¢ Catalysis ¢ Electrochemistry ¢ Layered double
hydroxides ¢ Photofunctional
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1 Preamble

In 2005 two of us (X.D. and D.G.E.) were invited by Mike Mingos to edit a volume
of Structure and Bonding on layered double hydroxides (LDHs), also known as
hydrotalcite-like materials. Since D.G.E. was once a DPhil student with Mike
Mingos in Oxford, this “invitation” fell into the category of “can’t be refused”
(1), but in any case we were delighted to accept because we felt that the rapid growth
in publications on LDHs (around 550 listed in Web of Science in 2005) meant that
such a volume was timely. Together with our collaborators in Oxford, Guildford,
and Clermont-Ferrand, we put together Volume 119 containing five reviews [1-5]
on the structure, preparation, and applications of LDHs, LDH—polymer composites,
and mechanistic and kinetic studies of intercalation in LDHs. These reviews have
been cited over 750 times and three of them are in the top six most highly cited
papers in Structure and Bonding. Since 2005, there has been an explosive growth in
LDH-related publications with around 1,500 papers already in 2015 (January to end
of October), and many new groups around the world have entered the area. We hope
that our volume of Structure and Bonding may have helped some of them to
become acquainted with the fascinating world of LDHs, and indeed on visiting
some of these groups, we have been pleased on occasion to see (sometimes well-
thumbed!) copies in the labs. Subsequently X.D. was invited to join the editorial
board of Structure and Bonding and has been delighted to have the opportunity to
raise the profile of the journal in China and invite some of the country’s leading
scientists to edit volumes on Functional Phthalocyanine Molecular Materials
(Volume 135), Structure—Property Relationships in Non-Linear Optical Crystals
(two volumes, 144 and 145), Structures and Interactions of lonic Liquids (Volume
151), and Structure and Modeling of Complex Petroleum Mixtures (in press). In
addition, one of us (M.W.) together with a former student and now independent
researcher, Prof. Dongpeng Yan, has recently edited a volume on Photofunctional
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Layered Materials (Volume 166) in which LDHs feature strongly, alongside a
range of other layered materials.

In this review we summarize some of the most exciting recent developments in
LDH chemistry which have occurred since our earlier edited volume of Structure
and Bonding and take this opportunity to wish the journal a successful next
50 years!

2 Introduction

2.1 Definition of Layered Double Hydroxides (LDHs)

Layered double hydroxides (LDHs) are a large class of anionic layered materials
which are based on the brucite structure with edge-sharing M(OH)¢ octahedra
[1, 2]. LDHs can be expressed as [M**;_,M>* (OH),] (A™),,ymH,O where M**
and M?* are divalent (such as Mg**, Zn>*, Cu®*, or Co®*) and trivalent metal cations
(such as AI**, Fe®*, or Cr’") [3, 4]. The positive charges in the host layer can be
balanced by anions within the hydrated interlayer galleries. The wide tunability in
the host layer and ion-exchangeable properties of the interlayer guest ions make
LDHs a versatile class of materials [5—7]. In addition, various efforts have been
made to optimize the structure and functionality of LDHs and LDH-based mate-
rials, which have further expanded the applications of LDHs.

2.2 Preparation of LDHs

The traditional method to prepare LDHs involves coprecipitation followed by
hydrothermal treatment [8]. By controlling the concentration of reactants, temper-
ature, and aging time, LDHs with different particle sizes, morphologies, and
crystallization degrees can be fabricated. Other methods, including in situ growth,
electrosynthesis, and calcination—reconstruction, have also been developed in order
to construct LDHs with controllable morphology and properties [9]:

1. Insitu growth is a new method to fabricate LDHs grafted on various substrates in
order to obtain a nanodevice with enhanced performance; various substrates
such as aluminum sheets, conductive fabrics, and stretchable carbon nanotubes
or fibers have been used (Scheme 1a) [10].

2. Electrosynthesis is a controllable approach to synthesis of LDHs as nanoarrays
which exhibit ordered structure and uniform morphology. This method has been
widely used in electrochemistry and photoelectrocatalysis (Scheme 1b) [11].

3. Calcination—reconstruction has been developed to obtain highly dispersed metal
nanoparticles (NPs) with tunable chemical composition, size, shape, and crys-
tallographic orientation (Scheme 1c) [12, 13]. Upon calcination, the LDHs
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decompose into mixed metal oxides (MMO), while rehydration can turn the
MMO topotactically back to layered LDHs.

2.3 Fabrication of LDH-Based Multifunctional Materials

In order to fabricate LDH-based multifunctional materials, guest species with
various functionalities have been intercalated into the interlayer galleries of
LDHs, and LDHs with controllable structure or morphology have been designed
[14]. The commonly employed fabrication methods are as follows:
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1. Layer-by-layer (LbL) assembly
Layer-by-layer assembly takes advantage of the electrostatic interactions
between guest species and the LDH host. The basic LbL method relies on
alternate dipping of a substrate into a suspension of positively charged LDH
nanosheets and a solution of negatively charged guest anions. When positively
charged ions or neutral molecules are desired as guest species, a new strategy
involving co-assembly via a polyanion carrier has been proposed [15]. Moreover,
assisted by an external field, such as a magnetic or electric field, ultrathin films
(UTFs) with high guest loading, preferred orientation, and anisotropic properties
can be obtained [16, 17]. Thus, a solid device with multifunctionality can be
achieved based on assembly of guest anions and an LDH host. In addition, when
the positively charged LDH nanosheets and negatively charged guest anions
coexist in an aqueous medium, exfoliation-reassembly methods can be
employed to assemble LDHs with guests and obtain nanohybrids with layered,
core—shell, or porous structures.
2. Intercalation assembly

In order to obtain powered or colloidal LDH-based multifunctional materials,
intercalation assembly is an attractive choice [18, 19]. Direct intercalation can be
achieved by the coprecipitation method, followed by hydrothermal treatment.
When more than one type of guest species is to be intercalated or the guests
cannot be directly accommodated in the LDH gallery, co-intercalation is
employed [20, 21]. If the guest species are unstable in aqueous solutions
containing the divalent or trivalent metal cations, it is possible to use
ion-exchange methods to fabricate LDH—guest composites [22].

2.4 Applications of LDHs

LDHs and LDH-based composites have been widely used as photofunctional
materials, as catalysts, and in electrochemistry and bio-related applications
(Scheme 2) due to their tunable composition, layered structure, and confined
microenvironment. In this review, we will summarize recent applications of
LDHs and LDH-based materials and investigate the host—guest interaction and
structure—function correlations [23-27].

3 Photofunctional Properties

3.1 Introduction

LDHs have been widely employed as photofunctional materials due to their layered
structure, tunable composition, and outstanding thermal and chemical stability
[28]. Luminescent LDHs with emission in the range of 350—550 nm can be obtained
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by virtue of surface defects which trap the excited electrons/holes and afford
enhanced recombination [29, 30].

Assembly and intercalation of fluorescent guests into the interlayer galleries of
LDHs is another procedure widely used in photofunctional applications. Various
guest species, such as organic fluorescent polymers [31, 32], metal complexes [33—
35], small anions [36, 37], quantum dots [38—40], and polyoxometalates [41—43],
have been intercalated into LDHs. Taking account of the wide variety of possible
guest species, various methods—including LbL assembly, co-assembly, direct
intercalation (coprecipitation), ion exchange, and co-intercalation—have been
employed [44-46]. Thus, based on the interaction between the LDH layers and
guest species, the arrangement and distribution of interlayered guests can be tuned
[47]. By tailoring the layer composition and charge density, the quantity of guest
species can be adjusted, which results in different properties. Moreover, the con-
fined environment of the LDH interlayer galleries can be expected to endow the
guest species with novel performance and applications.

3.2 Host—Guest Interaction Between LDH Layers and Guest
Species

The assembly and intercalation of photoactive guest species into the LDH interlayer
galleries can endow the resulting LDH-based photofunctional materials with
enhanced fluorescence performance due to the host—guest interactions and confine-
ment effect induced by LDHs. By means of co-intercalation, many guest species,
such as sulforhodamine B (SRB) [48], zinc phthalocyanines (ZnPc) [27],
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fluorescein (FLU) [49], ammonium 1-anilinonaphthalene-8-sulfonate (ANS) [50],
and benzocarbazole anions (BCZC) [51], have been intercalated with the aid of
surfactants. By tuning the layer composition and the intercalation ratio, the distri-
bution and arrangement of guest species can be precisely adjusted, which results in
different emission wavelengths and intensities. Li et al. have co-intercalated bis
(8-hydroxyquinolate-5-sulfonate)aluminum anion (AQS®") and dodecyl sulfonate
(DDS) and tailored the fluorescence properties through adjustment of the interca-
lation content and host layer composition [52]. The host—guest interaction directly
leads to structural changes in the intercalated AQS, and the observed luminescence
transition can be attributed to the isomerization of meridional to facial AQS
(Fig. 1a).

Layer-by-layer assembly provides an opportunity to immobilize the guest spe-
cies and obtain UTFs with multifunctionality. An example involves the assembly of
LDHs with Au nanoclusters (NCs), where the resulting UTF showed a dense and
ordered localization of Au NCs on the LDH nanosheets [53]. The electrophilic
effect of the LDH nanosheets effectively localizes the Au NCs and polarizes the
charge distribution of the Au NCs (Fig. 1b). The confinement effect imposed by the
LDH nanosheets effectively inhibits the non-radiative energy loss of Au NCs,
leading to increased quantum yields (QYs) (from 2.69% to 14.11%) and prolonged
fluorescence lifetimes (from 1.84 to 14.67 ps).
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Frontier orbital analysis shows that multiple quantum-well structures can be
built based on the HOMO and LUMO for the ZnTSPc/LDH system (Fig. 1c)
[54]. The LDH monolayer functions as an energy well which hinders the interlayer
gallery interactions of the ZnTSPc and contributes to the outstanding fluorescence
behavior of the ZnTSPc chromophore. In addition, LDHs provide an isolated
environment for interlayer Forster resonance energy transfer (FRET). The use of
ultrathin LDH nanosheets results in immobilization of the guest species and thus
guarantees the effective distance between the donor and acceptor in the FRET
process (Fig. 1d). Moreover, the FRET state (on/off) and its efficiency can be tuned
by changes in the interlayer distance induced by the adsorption and desorption of
volatile organic compounds [55-57].

3.3 Applications in Display and Sensing

Through controlled variation of the guest species, various LDH-based
photofunctional materials can be obtained. Introduction of LDHs can effectively
enhance the fluorescence performance and stability of guest species. Some novel
intercalated LDH composites with a specifically tailored arrangement in the LDH
gallery have been used in displays [58, 59], polarized emission [60, 61], and sensing
(Fig. 2). Materials with multicolor luminescence have been obtained by effective
utilization of a diverse variety of chromophores (organic dyes, polymers, or quan-
tum dots) [62]. Chemosensors for heavy metal ions (HMI) [63], biomolecules [64],
and environmental pollutants [65] have been designed, and multifunctional
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Fig. 2 Application of LDH-based photofunctional materials for (a) displays, (b) polarized
fluorescence, (c) piezochromic materials, (d) temperature sensing, and (e) two-photon emission
(reprinted with permission from [59], [36], [68], [67] and [61], respectively)
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materials which respond to changes in pH [66], temperature [67], pressure [68], and
light [69] have been constructed and investigated.

4 Bio-applications In Vitro and In Vivo

4.1 Advantages of LDH-Based Materials in Bio-applications

Recently, great attention has been focused on medical applications of LDHs
because their 2D structure and intercalation properties allow novel bio-inorganic
nanohybrids to be fabricated. Due to the high anionic exchange capacity of LDHs,
various biomolecules such as drugs, genes, and nutrient ingredients can readily be
immobilized in their interlayer galleries [70, 71]. By employing various synthetic
routes such as coprecipitation, ion exchange, calcination—reconstruction, and
exfoliation—reassembly, intercalated nanohybrids can be fabricated and employed
in bio-LDH delivery hybrid systems for the storage, transport, and subsequent
controlled release of bioactive species [72].

LDH materials possess numerous advantages as versatile carriers in drug/gene
delivery and biomedicine. Firstly, their low cytotoxicity and excellent biocompat-
ibility make LDHs an ideal drug nanocarrier. It has been reported that the cytotox-
icity of LDHs is relatively low toward normal cells, and no cytotoxic effect is
observed even at concentrations up to 1 mg/mL [73, 74]. Secondly, the dispersion
and stability of guests can be significantly enhanced after intercalation into the
LDH interlamellar galleries. Thirdly, intercalation or absorption of the drug, gene,
or other target materials (e.g., proteins, nucleic acids, peptides, antibodies, or
aptamers) by LDHs can avoid complicated ligand exchange reactions and surface
modification. In addition, a controlled release of the interlamellar drug/gene, which
is often necessary for pharmaceutical efficacy, can be realized by employment
of LDHs.

4.2 Applications in Imaging, Medicine Delivery,
and Therapeutics

LDHs can be combined with fluorescent, optical, magnetic, or radioactive materials
so as to realize molecular imaging, disease diagnostics, and tumor visualization in a
biological system. Yoon et al. have grafted fluorescein onto exfoliated Gd-doped
LDHs, and the obtained materials simultaneously possess fluorescence and mag-
netic properties (Fig. 3a) [75]. Therefore, the resulting materials may find great
application in fluorescence and magnetic resonance imaging (MRI) for the system-
atic study of the diseases in deep lesions with high resolution.
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Fig. 3 Bio-related applications of LDH-based materials in (a) imaging, (b) drug delivery, and (c)
therapy (reprinted with permission from [75], [78] and [27], respectively)

Moreover, anticancer drugs (such as methotrexate, doxorubicin (DOX), and
S5-fluorouracil) and genes can be intercalated into LDHs and form bio-LDH
nanohybrids. The tumor bioaccumulation ratio for such bio-LDH nanohybrids can
be increased severalfold compared with the free drugs or genes at the tumor site,
which shows the passive targeting ability of the materials. Such bio-LDH
nanohybrids containing drugs or genes can also be effectively transferred into
cells through clathrin-mediated endocytosis [76]. Furthermore, active targeting
can be achieved through the incorporation of target moieties for specific interaction
with, and recognition of, targeted cells [77]. A wide variety of receptor-specific
targeting moieties including nucleic acids, peptides, aptamers, and proteins (anti-
bodies) can be covalently grafted to the surface of the bio-LDH nanohybrids and
result in molecular level targeting.

Current research also pays close attention to the development of theranostic
bio-LDH composites so as to incorporate therapeutic agents with imaging probes.
Li et al. developed hierarchically structured core/shell nanospheres by combination
of DOX, fluorescein isothiocyanate (FITC), magnetic nanoparticles (MSPs), and
folate (DOX@MSPs/Ni-LDH-folate) [78]. The amide bond in DOX-COOH inter-
calated in the interlayer galleries of an LDH can be cleaved in the acidic cytoplasm,
and the protonated DOX drug is quickly released from the LDH into the cytoplasm
(Fig. 3b). Shi’s group also successfully developed Gd-doped LDH nanoparticles
with Au nanoparticles deposited on the surface (LDH-Gd/Au) and explored diag-
nosis and simultaneous drug delivery monitored by noninvasive visualization
in vitro and in vivo [79]. As both a drug vehicle and a diagnostic agent, the
LDH-Gd/Au can be employed as a drug delivery system to transport DOX into
the cancer cells via endocytosis and release DOX into the acidic cytoplasm which
induces death of the cancer cells.

In addition, sustained release capability of LDHs is also an important merit for
some drugs. A low-molecular-weight heparin (LMWH) (with a molecular mass (4—
6 kDa)) is frequently used as an anticoagulant but suffers from a short half-life of 2—
4 h [80]. When LMWH was intercalated into LDH interlayer galleries through the
anion-exchange method, the resulting composite exhibited a prolonged half-life and
enhanced stability in blood plasma. Furthermore, it has been found that the



Applications of Layered Double Hydroxide Materials: Recent Advances and. .. 75

intercalation of guest species into LDH interlamellar galleries can effectively
depress their aggregation and result in enhanced uniformity and stability. For
example, a supramolecular photosensitizer was fabricated by intercalation of a
zinc phthalocyanine (ZnPc) into LDH galleries, and the product showed an excel-
lent photodynamic therapy (PDT) anticancer behavior (Fig. 3c). A high dispersion
of ZnPc in the monomeric state in the interlayer region of the LDH matrix can be
achieved on account of the host—guest and guest—guest interactions, which contrib-
utes to high singlet oxygen production efficiency and significantly enhanced anti-
cancer behavior [27].

5 Catalysis

Due to their tunable composition, particle size, structure, and particle morphology,
LDHs and LDH-based nanohybrids have been widely used in:

Heterogeneous catalysis, photocatalysis, and photoelectrocatalysis [8 1-83]. Diverse
catalysts with high catalytic performance, good stability, and recyclability can
be achieved using LDHs and LDH-based nanohybrids [13].

5.1 LDHs Themselves as Catalysts

Because of the hydroxyl groups on the LDH layers, there are abundant basic sites in
LDHs accounting for their efficacy as heterogeneous solid base catalysts. More-
over, catalytically active transition metals can be anchored in the tunable host layer
to obtain LDHs with high catalytic activity and selectivity [84, 85]. Various cata-
Iytically active transition metal species (e.g., Fe, Co, Ni, Mn, Cr, Ce, Ti, and Cu)
can be incorporated into the host layer of LDHs, and these elements give LDHs
good catalytic activity in electrocatalysis, photocatalysis, and photoelectrocatalysis
[13, 86]. Hu et al. have studied the oxygen evolution reaction (OER) activity of
NiFe and NiCo LDHs before and after exfoliation (Fig. 4a) and found that single-
layer LDH nanosheets exhibit significantly enhanced catalytic activity compared
with the unexfoliated precursor due to the increase in active site density and
conductivity [87]. Similar results were also obtained for CoMn-LDHs [88].

5.2 LDHs as Precursors to Metal or Metal Oxide Catalysts

LDHs containing catalytically active elements (e.g., Fe, Co, Ni, or Pd) can be
employed as precursors to fabricate metal or metal oxide catalysts based on the
topological transformation of LDHs through a calcination-reconstruction process
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Fig. 4 LDHs employed in catalysis as (a) actual catalysts, (b) precursors for metal or metal oxide
catalysts, (c) a host for intercalated catalysts, and (d) catalyst supports (reprinted with permission
from [87], [93], [84] and [107], respectively)

[89-92]. The first such topological transformation of LDHs was reported by Wei
et al., and well-dispersed and high-density Fe, Co, and Ni metal nanoparticles with
good thermal stability were obtained [90]. He and coworkers have obtained Ni
nanoparticles by in situ reduction of a NiAl-LDH precursor (Fig. 4b) [93]. The
employment of LDHs effectively prevents the aggregation of Ni, and the strong
anchoring effect leads to good distribution of Ni nanoparticles.

5.3 LDH-Intercalated Hybrids as Catalysts

Catalytically active species can be intercalated into the interlayer galleries of
LDHs, and the confined environment of LDHs can lead to precise control over
the arrangement and dispersion of the active species, which leads to enhanced
reaction rates and excellent catalytic stability. Moreover, by tuning the charge
density and composition of the host layer, the geometric and electronic states of
the active sites can be finely tuned. Organic acids/bases, inorganic anion/
nanoparticles, metal complexes, biomolecules, and noble metal nanoparticles
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[94-103] can be intercalated into LDHs giving materials with high catalytic
activity. Hwang et al. have constructed ordered structures by LbL assembly of a
ZnCr-LDH and layered titanium oxide (Fig. 4c), and the resulting heterolayer
materials exhibit excellent catalytic activity for visible light-induced O, generation
as well as high chemical stability [84].

5.4 LDHs as Catalyst Supports

In order to improve the recyclability of catalysts, LDHs have been used to effec-
tively stabilize the active sites, and a high dispersion of the immobilized catalyst
particles can be obtained [104, 105]. Au, Pd, and Pt can be anchored onto LDHs,
and a synergetic interaction results in significantly enhanced catalytic activity and
selectivity (Fig. 4d) [106, 107].

6 Electrochemistry

6.1 Introduction

Recently, energy storage and conversion in electrochemistry have attracted great
attention as an alternative to traditional energy resources [108, 109]. For energy
storage devices such as supercapacitors, a high-power density, super-high-cycle life
span, and fast dynamic response rate are required if they are to have wide applica-
tion [110-112].

LDH-based nanohybrids offer significant advantages as electrochemical mate-
rials. Firstly, taking advantage of the tunable composition of the LDH host layer,
electrically active transition metals, such as Co, Mn, Fe, and Ni, can be introduced
[113]. Secondly, diverse strategies can be exploited to fabricate LDHs with large
surface area, suitable mesopores, or ordered arrays, which facilitates electron
transport and improves power density [114, 115]. Thirdly, combination of LDHs
and various electrically active substances affords hybrid materials with long-term
stability and fast redox reactions [99].

6.2 Structure and Composition of LDH-Based
Electro-materials

In order to obtain electrically active materials, a variety of structures (core—shell
structure, hollow microspheres, layered structures or arrays) have been designed
and fabricated (Fig. 5). A core—shell structure with excellent electrochemical
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behavior can be constructed by electrodepositing poly
(3,4-ethylenedioxythiophene) (PEDOT) on an LDH nanoplatelet core (Fig. 5a)
[116]. The LDH core provides high energy storage capacity while the PEDOT
shell contributes to fast electron transport. Moreover, NiAl-LDH microspheres with
tunable interior architecture from core—shell to hollow structures have been
designed via LbL deposition followed by an in situ growth technique (Fig. 5b)
[117]. Due to the high surface area and mesopore distribution, the resulting hollow
NiAl-LDH microspheres exhibit excellent capacitance much larger than that of
core—shell and yolk—shell microspheres. A similar structure was constructed by
employing a carbon hollow sphere as an interior shell and NiAl-LDH as an exterior
shell, and large specific surface area with uniform mesoporous structure can be
achieved [118]. The porous structure of LDHs is beneficial in terms of electro-
activity [119], and the combination of porous LDHs and conductive graphene
nanosheets endows the composites with significantly improved capacitance and
ultrahigh rate performance capability (Fig. 5c) [120]. Figure 5d shows a novel
hierarchical nanoarray of vertically aligned NiCoFe-LDHs on a Co-based nanowire
array [121]; this material exhibits large anodic current density and excellent
electrochemical durability.

Other LDHs with different host layer composition (e.g., NiMn, ZnCo,
Co"Co™AI-LDHs) have also been investigated as electrically active materials
[122-128]. Moreover, various materials (such as carbon materials, conductive
polymers, metal oxides, and biomolecules) have been combined with LDHs to
fabricate electrically active materials [129, 130]. Carbon materials have been
widely investigated as a promising electrode material by virtue of their high
electrical activity and low cost [131, 132]. Zhao et al. have fabricated a series of
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hierarchical nanostructures composed of LDH grafted on a carbon material back-
bone by in situ growth [133, 134], which exhibits excellent activity and
high capacitance. Graphene oxide or graphene have also been combined with
LDHs to obtain hybrid materials with high catalytic activity or charge conductivity
[135-137]. In addition, Song et al. have fabricated a high-rate asymmetric
supercapacitor by combining partially exfoliated graphite, CoNi-LDH, and
polypyrrole (PPy), and fast electron/ion transportation and high specific capaci-
tance were obtained [138].

7 LDH-Based Multifunctional Materials

The layered structure and rigid host layer of LDHs allow the fabrication of a wide
variety of hybrid materials with diverse applications, and self-supporting
multifunctional films as well as sols with magnetic properties have attracted
particular attention [139—141].

7.1 Multifunctional Films

Gas barrier materials have been constructed by combining cellulose acetate (CA) or
polyacrylic acid (PAA) with LDHs [25, 142]. LDHs can behave simultaneously as a
physical blocking material and chemical absorption agent, accounting for the
excellent gas barrier performance when compared with commonly used materials
(Fig. 6a). Antireflection materials have been prepared through the calcination—
rehydration procedure (Fig. 6b), and different transmittance and reflection effects
can be achieved by switching between nonporous LDHs and calcined porous MMO
materials [143]. Superhydrophobic materials can be constructed by preparing
oriented NiAl- or ZnAl-LDH films on a porous aluminum oxide (PAO)/Al substrate
(Fig. 6¢) [144, 145]. By virtue of the microscale hemispherical protrusions on the
surface, both micro- and nanoscale hierarchical structures can be obtained, account-
ing for large superhydrophobic surface areas. Moreover, assisted by an external AC
electric field, LDH-polyphosphazene-based ionomer hybrids can be obtained and
employed as anion-exchange membranes (Fig. 6d) [146]. Owing to the oriented
LDH nanoplatelets, the ion-exchange capacity, mechanical properties, and ionic
conductivity of the anion-exchange membranes can be significantly enhanced.

7.2  Multifunctional Powders or Colloids

LDH-based magnetic materials have been developed for medicine/protein separa-
tion and controlled release [147, 148]. There are three approaches to introduce
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magnetic species: (1) incorporation of the magnetic element into the LDH host
layers, such as Ni""Cr'™-LDHs [149]; (2) intercalation of magnetic guests into the
interlayer galleries of LDHs [150]; and (3) employing magnesium ferrite particles
as a magnetic core to fabricate LDH-based core—shell structures [151]. Moreover,
assisted by an external magnetic field, the recycling and reuse of these magnetic
composites can be achieved (Fig. 6e) [114].

Fabrication of multifunctional LDH-based composite materials is still a fasci-
nating area, and many efforts are ongoing [152—154].

8 Conclusion and Outlook

LDH-based compounds have become promising multifunctional materials which
can be used as photofunctional materials in bio-applications, in catalysis, and in
electrochemistry among other areas. Due to their tunable composition,
ion-exchangeable properties, tailorable morphology, and inherent high stability,
LDHs can serve as an effective building block or support for the fabrication of a
wide variety of hybrid materials. Moreover, by virtue of the host—guest interaction
and confinement effect induced by LDHs, the resulting materials usually exhibit
superior performances when compared with the pristine guest species.

In the future, greater efforts are needed to explore the detailed structure—property
correlations in LDH-based composites in order to develop their applications in new



Applications of Layered Double Hydroxide Materials: Recent Advances and. .. 81

interdisciplinary areas. Firstly, how the confinement effect and host—guest interac-
tion of LDHs functions remains a key scientific issue. Secondly, the connections
between the microscopic structure and macroscopic performance need to be better
understood. With persistent efforts and deepened understanding, we firmly believe
that the large-scale preparation of novel multifunctional LDH materials can be
realized, which may lead to many exciting industrial applications.

Acknowledgment We would like to thank all the coworkers cited in the references for their
invaluable contributions to the work described here. This work was supported by the 973 Program
(Grant No. 2014CB932103) and the National Natural Science Foundation of China (NSFC).

References

. Evans DG, Slade RCT (2006) Struct Bond 119:1

He J, Wei M, Li B, Kang Y, Evans DG, Duan X (2006) Struct Bond 119:89

. Taviot-Gueho C, Leroux F (2006) Struct Bond 119:121

. Williams GR, O’Hare D (2006) Struct Bond 119:161

Li F, Duan X (2006) Struct Bond 119:193

. Ruiz-Hitzky E, Aranda P, Darder M, Rytwo G (2010) J Mater Chem 20:9306

Liu J, Zhang G (2014) Phys Chem Chem Phys 16:8178

Shu X, Zhang W, He J, Gao F, Zhu Y (2006) Solid State Sci 8:634

. Liu XL, Wei M, Wang ZL, Evans DG, Duan X (2008) J Phys Chem C 112:17517

. Zhao J, Chen J, Xu S, Shao M, Zhang Q, Wei F, Ma J, Wei M, Evans DG, Duan X (2014) Adv

Funct Mater 20:2938

11. Shao M, Ning F, Wei M, Evans DG, Duan X (2014) Adv Funct Mater 24:580

12. Darder M, Lépez-Blanco M, Aranda P, Leroux F, Ruiz-Hitzky E (2005) Chem Mater 17:1969

13. Zhao MQ, Zhang Q, Zhang W, Huang JQ, Zhang Y, Su DS, Wei F (2010) J Am Chem Soc
132:14739

14. Khan Al, O’Hare D (2002) J Mater Chem 12:3191

15.Li S, LuJ,MaH, Yan D, Li Z, Qin S, Evans DG, Duan X (2012) J Phys Chem C 116:12836

16. Shao M, Wei M, Evans DG, Duan X (2011) Chem Commun 47:3171

17. Shao M, Xu X, Han J, Zhao J, Shi W, Kong X, Wei M, Evans DG, Duan X (2011) Langmuir
27:8233

18. Costa AL, Gomes AC, Pillinger M, Gongalves IS, de Seixas Melo JS (2015) Langmuir
31:4769

19. An Z, Zhang W, Shi H, He J (2006) J Catal 241:319

20. Shi W, Wei M, Evans DG, Duan X (2010) J Mater Chem 20:3901

21. Shi W, Sun Z, Wei M, Evans DG, Duan X (2010) J Phys Chem C 114:21070

22. Shi W, Wei M, Lu J, Evans DG, Duan X (2009) J Phys Chem C 113:12888

23. Wang J, Zhao L, Shi H, He J (2011) Angew Chem Int Ed 50:9171

24. Tian R, Liang R, Yan D, Shi W, Yu X, Wei M, Li LS, Evans DG, Duan X (2013) J Mater
Chem C 1:5654

25.Dou Y, Pan T, Xu S, Yan H, Han J, Wei M, Evans DG, Duan X (2015) Angew Chem Int Ed
54:9673

26. Shao M, Li Z, Zhang R, Ning F, Wei M, Evans DG, Duan X (2015) Small 29:3530

27. Liang RZ, Tian R, Ma L, Zhang LL, Hu YL, Wang J, Wei M, Yan D, Evans DG, Duan X
(2014) Adv Funct Mater 24:3144

28. Tian R, Yan D, Wei M (2015) Struct Bond 166:1

29. Xu K, Zhang Z, Chen G, Shen J (2014) RSC Adv 4:19218

SOXTIAL A LD~

—_



82

30.
3L

32

37
38

39.
40.

41
42

44,
45.
46.
. Desigaux L, Belkacem MB, Richard P, Cellier J, Léone P, Cario L, Leroux F, Taviot-

47

48.
49.
50.
51.
.Li§S, LulJ, Wei M, Evans DG, Duan X (2010) Adv Funct Mater 20:2848
53.

52

54.

55.
.QinY, LulJ,LiS, LiZ, Zheng S (2014) J Phys Chem C 118:20538
57.
58.

56

59.

60.
61.
62.
63.
64.
65.

66.
67.

68.
69.
70.

R. Tian et al.

Zhang Z, Chen G, Xu K (2013) Ind Eng Chem Res 52:11045
Yan D, Lu J, Wei M, Han J, Ma J, Li F, Evans DG, Duan X (2009) Angew Chem Int Ed
48:3073

.Yan D, Lu J, Ma J, Wei M, Wang X, Evans DG, Duan X (2010) Langmuir 26:7007
. Yan D, Lu J, Wei M, Ma J, Evans DG, Duan X (2009) Chem Commun 6358

34,
35.
36.

Li S, LuJ, Xu J, Dang S, Evans DG, Duan X (2010) J Mater Chem 20:9718

Li S, LuJ, Ma H, XuJ, Yan D, Wei M, Evans DG, Duan X (2011) Langmuir 27:11501
Yan D, Lu J, Chen L, Qin S, Ma J, Wei M, Evans DG, Duan X (2010) Chem Commun
46:5912

. Zheng SF, Lu J, Li W, Qin YM, Yan DP, Evans DG, Duan X (2014) J Mater Chem C 2:5161
. Bendall JS, Paderi M, Ghigliotti F, Li Pira N, Lambertini V, Lesnyak V, Gaponik N,

Visimberga G, Eychmiiller A, Torres CMS, Welland ME, Gieck C, Marchese L (2010)
Adv Funct Mater 20:3298

Cho S, Kwag J, Jeong S, Baek Y, Kim S (2013) Chem Mater 25:1071

Wu G, Wang L, Evans DG, Duan X (2006) Eur J Inorg Chem 2006:3185

. Omwoma S, Chen W, Tsunashima R, Song YF (2014) Coord Chem Rev 58:258
. Han Z, Guo Y, Tsunashima R, Song YF (2013) Eur J Inorg Chem 2013:1475
43,

Sousa FL, Pillinger M, Sa Ferreira RA, Granadeiro CM, Cavaleiro AMV, Rocha J, Carlos
LD, Trindade T, Nogueira HIS (2006) Eur J Inorg Chem 2006:726

Tian R, Li M, Teng H, Luo H, Yan D, Wei M (2015) J Mater Chem C 3:5167

Fogg AM, Freij AJ, Parkinson GM (2002) Chem Mater 14:232

Leroux F, Taviot-Guého C (2005) J Mater Chem 15:3628

Guého C, Pitard B (2006) Nano Lett 6:199

Yan D, Lu J, Wei M, Evans DG, Duan X (2009) J Phys Chem B 113:1381

Shi W, He S, Wei M, Evans DG, Duan X (2010) Adv Funct Mater 20:3856

Sun Z, Jin L, Shi W, Wei M, Evans DG, Duan X (2011) Langmuir 27:7113

Yan D, Lu J, Ma J, Wei M, Evans DG, Duan X (2010) Phys Chem Chem Phys 12:15085

Tian R, Zhang S, Li M, Zhou Y, Lu B, Yan D, Wei M, Evans DG, Duan X (2015) Adv Funct
Mater 25:5006

Yan D, Qin S, Chen L, Lu J, Ma J, Wei M, Evans DG, Duan X (2010) Chem Commun
46:8654

LiZ,Lul,LiS, Qin S, Qin Y (2012) Adv Mater 24:6053

Gunawan P, Xu R (2009) J Phys Chem C 113:17206

Liang R, Xu S, Yan D, Shi W, Tian R, Yan H, Wei M, Evans DG, Duan X (2012) Adv Funct
Mater 22:4940

Liang R, Yan D, Tian R, Yu X, Shi W, Li C, Wei M, Evans DG, Duan X (2014) Chem Mater
26:2595

Yan D, Lu J, Wei M, Evans DG, Duan X (2011) J Mater Chem 21:13128

Gao R, Zhao M, Guan Y, Fang X, Li X, Yan D (2014) J Mater Chem C 45:9579

Cho S, Jung S, Jeong S, Bang J, Park J, Park Y, Kim S (2013) Langmuir 29:441

JinL, Guo Z, Sun Z, Li A, Jin Q, Wei M (2012) Sensor Actuat B-Chem 161:714

Jin L, Guo Z, Wang T, Wei M (2013) Sensor Actuat B-Chem 177:145

Sun Z, Jin L, Zhang S, Shi W, Pu M, Wei M, Evans DG, Duan X (2011) Anal Chim Acta
702:95

Shi W, Ji X, Wei M, Evans DG, Duan X (2012) Langmuir 28:7119

Liang R, Tian R, Shi W, Liu Z, Yan D, Wei M, Evans DG, Duan X (2013) Chem Commun
49:969

Yan D, Lu J, Ma J, Qin S, Wei M, Evans DG, Duan X (2011) Angew Chem Int Ed 50:7037
Wang XR, Lu J, Yan D, Wei M, Evans DG, Duan X (2010) Chem Phys Lett 493:333

Oh JM, Park DH, Choi SJ, Choy JH (2012) Recent Pat Nanotechnol 6:200



Applications of Layered Double Hydroxide Materials: Recent Advances and. .. 83

71.
72.
73.
. Xu ZP, Walker TL, Liu KL, Cooper HM, Lu GQ, Bartlett PF (2007) Int J Nanomedicine

74

75.

76.
77.
.Li D, Zhang YT, Yu M, Guo J, Chaudhary D, Wang CC (2013) Biomaterials 32:7913

. Wang L, Xing H, Zhang S, Ren Q, Pan L, Zhang K, Bu W, Zheng X, Zhou L, Peng W, Hua Y,

78
79

80.
81.
82.

83
84

91.
92.
93.

94

100.
101.
102.
103.
104.

105

111

112.

113.
114.

115

Choi SJ, Choy JH (2011) Nanomedicine 6:803
Park DH, Hwang SJ, Oh JM, Yang JH, Choy JH (2013) Prog Polym Sci 38:1442
Kriven WM, Kwak SY, Wallig MA, Choy JH (2004) MRS Bull 29:33

2:163

Yoon YS, Lee KS, Im GH, Lee BI, Byeon SH, Lee JH, Lee IS (2009) Adv Funct Mater
19:3375

Khan Al Lei L, Norquist AJ, O’Hare D (2001) Chem Commun 22:2342

Oh JM, Choi SJ, Lee GE, Han SH, Choy JH (2009) Adv Funct Mater 19:1617

Shi J (2013) Biomaterials 34:3390

Gu Z, Thomas AC, Xu ZP, Campbell JH, Lu GQ (2008) Chem Mater 20:3715
Li C, Wei M, Evans DG, Duan X (2014) Small 10:4469

Fan G, Li F, Evans DG, Duan X (2014) Chem Soc Rev 43:7040

.Li C, Wei M, Evans DG, Duan X (2015) Catal Today 247:163

. Gunjakar JL, Kim TW, Kim HN, Kim 1Y, Hwang SJ (2011) J Am Chem Soc 133:14998
85.
86.
87.
88.
89.
90.

Kim SJ, Lee Y, Lee DK, Lee JW, Kang JK (2014) J Mater Chem A 2:4136

Morikawa M, Ahmed N, Yoshida Y, Izumi Y (2014) Appl Catal B-Environ 144:561

Song F, Hu X (2014) Nat Commun 5:1

Song F, Hu X (2014) J Am Chem Soc 136:16481

Koike M, Li D, Nakagawa Y, Tomishige K (2012) ChemSusChem 5:2312

Tian GL, Zhao MQ, Zhang B, Zhang Q, Zhang W, Huang JQ, Chen TC, Qian WZ, Su DS,
Wei F (2014) J Mater Chem A 2:1686

Gao W, Li C, Chen H, Wu M, He S, Wei M, Evans DG, Duan X (2014) Green Chem 16:1560
He Y, Liang L, Liu Y, Feng J, Ma C, Li D (2014) J Catal 309:166

He S, Li C, Chen H, Su D, Zhang B, Cao X, Wang B, Wei M, Evans DG, Duan X (2013)
Chem Mater 25:1040

.Zhao S, Xu J, Wei M, Song YF (2011) Green Chem 13:384
95.
96.
97.
98.
99.

Liu P, Wang C, Li C (2009) J Catal 262:159

Liu P, Wang H, Feng Z, Ying P, Li C (2008) J Catal 256:345

Reinholdt MX, Kirkpatrick RJ (2006) Chem Mater 18:2567

Dhakshinamoorthy A, Sharmila A, Pitchumani K (2010) Chem Eur J 16:1128
Zhao J, Kong X, Shi W, Shao M, Han J, Wei M, Evans DG, Duan X (2011) J Mater Chem
21:13926

Parida KM, Sahoo M, Singha S (2010) J Catal 276:161

Liu H, Zhao L, Wang J, He J (2013) J Catal 298:70

Bhattacharjee S, Dines TJ, Anderson JA (2008) J Phys Chem C 112:14124

Shi H, Yu C, He J (2010) J Catal 271:79

Yang XF, Wang A, Qiao B, Li J, Liu J, Zhang T (2013) Acc Chem Res 46:1740

. Yang Z, Tjiu WW, Fan W, Liu T (2013) Electrochim Acta 90:400
106.
107.
108.
109.
110.
. Yang P, Xiao X, Li Y, Ding Y, Qiang P, Tan X, Mai W, Lin Z, Wu W, Li T, Jin H, Liu P,

Zhang F, Zhao X, Feng C, Li B, Chen T, Lu W, Lei X, Xu S (2011) ACS Catal 1:232
Lee JH, Kim H, Lee YS, Jung DY (2014) ChemCatChem 6:113

Peng Y, Chen Z, Le Z, Xu Q, Li H, Lu Y (2015) Chem Commun 51:12056

Zhao G, Li J, Jiang L, Dong H, Wang X, Hu W (2012) Chem Sci 3:433

Simon P, Gogotsi Y (2008) Nat Mater 7:845

Zhou J, Wong CP, Wang ZL (2013) ACS Nano 7:2617

Yuan L, Lu XH, Xiao X, Zhai T, Dai J, Zhang F, Hu B, Wang X, Gong L, Chen J, Hu C,
Tong Y, Zhou J, Wang ZL (2012) ACS Nano 6:656

Shao M, Wei M, Evans DG, Duan X (2013) Chem Eur J 19:4100

Shao M, Ning F, Zhao J, Wei M, Evans DG, Duan X (2012) J Am Chem Soc 134:1071

.Chen H, Hu L, Yan Y, Che R, Chen M, Wu L (2013) Adv Energy Mater 3:1636



84

116.
117.
118.
119.
120.
121.
122.

123.
.SimH,JoC, YuT,LimE, Yoon S, Lee JH, Yoo J, Lee J, Lim B (2014) Chem Eur J 20:14880
. Liu X, Ma R, Bando Y, Sasaki T (2012) Adv Mater 24:2148

126.
127.

124
125

128.

129

134

136.
137.
138.
.Han J, Dou Y, Yan D, Ma J, Wei M, Evans DG, Duan X (2011) Chem Commun 47:5274
140.
141.
142.

139

143.
. Zhang F, Zhao L, Chen H, Xu S, Evans DG, Duan X (2008) Angew Chem Int Ed 47:2466
145.
146.
147.
148.
149.
150.

144

151.
152.
153.
154.

R. Tian et al.

Han J, Dou Y, Zhao J, Wei M, Evans DG, Duan X (2013) Small 9:98

Shao M, Ning F, Zhao Y, Zhao J, Wei M, Evans DG, Duan X (2012) Chem Mater 24:1192
Xu J, He F, Gai S, Zhang S, Li L, Yang P (2014) Nanoscale 6:10887

Zhang L, Wang J, Zhu J, Zhang X, San Hui K, Hui KN (2013) J Mater Chem A 1:9046
Wu X, Jiang L, Long C, Wei T, Fan Z (2015) Adv Funct Mater 25:1648

Yang Q, Li T, Lu Z, Sun X, Liu J (2014) Nanoscale 6:11789

Yuan P, Zhang N, Zhang D, Liu T, Chen L, Liu X, Ma R, Qiu G (2014) Chem Commun
50:11188

Zou X, Goswami A, Asefa T (2013) J Am Chem Soc 135:17242

Shao M, Ning F, Zhao J, Wei M, Evans DG, Duan X (2013) Adv Funct Mater 28:3513
Zhao J, Xu S, Tschulik K, Compton RG, Wei M, O’Hare D, Evans DG, Duan X (2015) Adv
Funct Mater 18:2745

Doménech A, Coronado E, Lardiés N, Gastaldo CM, Doménech-Carbé MT, Ribera A (2008)
J Electroanal Chem 624:275

.Liu Y, Zhang X, Tu X, Wei C, Lv L (2014) Anal Methods 6:4061
130.
131.
132.
133.

Ning F, Shao M, Zhang C, Xu S, Wei M, Duan X (2014) Nano Energy 7:134

Wang X, Yan C, Sumboja A, Yan J, Lee PS (2014) Adv Energy Mater 4:1301240

Liu X, Wang C, Dou Y, Zhou A, Pan T, Han J, Wei M (2014) J Mater Chem A 2:1682
Zhao J, Chen J, Xu S, Shao M, Yan D, Wei M, Evans DG, Duan X (2013) J Mater Chem A
1:8836

.Zhao J, Lu Z, Shao M, Yan D, Wei M, Evans DG, Duan X (2013) RSC Adv 3:1045
135.

Li Z, Shao M, Zhou L, Zhang R, Zhang C, Wei M, Evans DG, Duan X (2015) Adv Mater.
doi:10.1002/adma.201505086

Long X, LiJ, Xiao S, Yan K, Wang Z, Chen H, Yang S (2014) Angew Chem Int Ed 3:7584
Dong Y, Liu Y, Yin J, Zhao X (2014) J Mater Chem C 2:10386

Song Y, Cai X, Xu X, Liu XX (2015) J Mater Chem A 3:14712

Tadanaga K, Furukawa Y, Hayashi A, Tatsumisago M (2010) Adv Mater 22:4401

Lee JH, Chang J, Cha JH, Jung DY, Kim SS, Kim JM (2010) Chem Eur J 16:8296

Dou Y, Xu S, Liu X, Han J, Yan H, Wei M, Evans DG, Duan X (2014) Adv Funct Mater
24:514

Han J, Dou Y, Wei M, Evans DG, Duan X (2010) Angew Chem Int Ed 49:2171

Chen H, Zhang F, Fu S, Duan X (2006) Adv Mater 18:3089

Fan J, Zhu H, Li R, Chen N, Han K (2014) J Mater Chem A 2:8376

Pan D, Zhang H, Fan T, Chen J, Duan X (2011) Chem Commun 47:908

Zhang H, Zhang G, Bi X, Chen X (2013) J Mater Chem A 1:5934

Almansa JJ, Coronado E, Marti-Gastaldo C, Ribera A (2008) Eur J Inorg Chem 2008:5642
Coronado E, Marti-Gastaldo C, Navarro-Moratalla E, Ribera A, Galan- Mascarés JR (2013) J
Mater Chem 9476

Zhang H, Pan D, Zou K, He J, Duan X (2009) J Mater Chem 19:3069

Wang Q, Tay HH, Zhong Z, Luo J, Borgna A (2012) Energy Environ Sci 5:7526

Wang Q, Gao Y, Luo J, Zhong Z, Borgna A, Guo Z, O’Hare D (2013) RSC Adv 3:3414
Lv X, Chen Z, Wang Y, Huang F, Lin Z (2013) ACS Appl Mater Interfaces 5:11271


http://dx.doi.org/10.1002/adma.201505086

Struct Bond (2017) 172: 85-118

DOI: 10.1007/430_2015_193

© Springer International Publishing Switzerland 2015
Published online: 25 November 2015

Catalytic Sigma-Bond Metathesis
and the Polymerization of 1,3-Dienes
by Rare-Earth Metal Complexes

Rory P. Kelly and Peter W. Roesky

Abstract This review is a selection of research highlights since 2010 in two main
areas of rare-earth catalysis, but it is not meant to be an exhaustive treatment. Part
1 (Sect. 2) deals with advances in intra- and intermolecular hydroamination,
hydrophosphination, and hydrosilylation. Part 2 (Sect. 3) covers progress in the
polymerization of 1,3-dienes, and it is split into three main subsections: cis-1,4-
selective and trans-1,4-selective polymerization, the 3,4-selective polymerization
of isoprene, and copolymerization reactions of 1,3-dienes with alkenes.

Keywords Catalysis - Hydroamination - Hydrophosphination - Hydrosilylation -
Lanthanides - Polymerization (polymerisation) of 1,3-dienes - Rare earths
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Abbreviations

Ad Adamantyl

Bn Benzyl

BOPA Bis(oxazolinylphenyl)amide

BTSA Bis(trimethylsilyl)amide

cat. Catalyst

Cp Cyclopentadienyl

Cp* Pentamethylcyclopentadienyl

Cy Cyclohexyl

dipp 2,6-Diisopropylphenyl

dmba a-Deprotonated dimethylaminobenzyl
dme 1,2-Dimethoxyethane

dy Pore diameter

DRIFT Diffuse reflectance infrared Fourier transform
ee Enantiomeric excess

Et Ethyl

iBu Isobutyl

iPr Isopropyl

Ln Rare-earth metal

Me Methyl

Me;TACD  1,4,7-Trimethyl-1,4,7,10-tetraazacyclododecane(1—)
nBu n-Butyl

Ph Phenyl

PhMe Toluene

PMS Periodic mesoporous silica
r.t. Room temperature

tBu t-Butyl

T, Glass transition temperature
thf Tetrahydrofuran

T Melting point (polymer)
TOF Turnover frequency

o-BM Sigma-bond metathesis

1 Introduction

The formation of new C-X (X=C, H, N, etc.) bonds is one of the fundamental goals
in synthetic chemistry. Given economic and environmental concerns, it is desirable
to effect these transformations catalytically, and reactive metal-organic species
have yielded spectacular results. The transition metals are typically capable of
exhibiting multiple oxidation states, which allows them to undergo oxidative
addition and reductive elimination reactions. Such reactions underpin many cata-
lytic processes mediated by these metals. On the other hand, the rare-earth
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(Ln) metals have an overwhelming tendency to adopt the +3 oxidation state.
Divalent complexes are routinely available only for Eu, Yb, and Sm, while Ce is
the only Ln metal that affords tetravalent coordination complexes. Consequently,
Ln metal complexes are incapable of engaging in oxidative addition and reductive
elimination reactions. Instead, o-bond metathesis (6-BM) and insertion reactions
are the dominant transformations that Ln complexes participate in, and their
pronounced reactivity is largely a result of the polarized nature of Ln—X bonds.

A prototypical example of 6-BM mediated by a Ln complex is the reaction
between [Lu(Cp*),(CHj3)] and 13CH4 (1) [1], and this highlights the impressive
reactivity of Ln metal alkyl complexes.

[Lu(Cp"),(CHy)] + BCH, = [Lu(Cp’), (®CHy)] + CH, (1)

Such c-BM reactions are considered to be concerted processes with relatively
nonpolar and highly organized four-membered transition states (2), and this hypoth-
esis is supported by numerous experimental and theoretical studies [2-5].

t
! | | =—== RE-R'+HR (2)

R---H

RE-R + H-R'® =——

[

Insertion reactions are another hallmark of Ln complexes. Insertion reactions of
relevance to this review relate to the polymerization of conjugated 1,3-dienes, but
small molecules (e.g., CO [6], CO, [7] and SO, [8, 9]) can also insert into reactive
Ln—X bonds. The insertion of 1,3-butadiene into the Sm—H bond of [Sm(Cp*),H] is
shown below (Scheme 1) [10, 11]. Subsequent insertion reactions give rise to
polymerization processes. It is important to note that 6-BM can compete with
insertion, and this can be a major concern in polymerization reactions.

The reaction in (2) describes the initiation step of many important catalytic
reactions involving Ln complexes. Such 6-BM reactions include hydroamination,
hydrophosphination, and hydrosilylation.

The focus of the first part of this review is progress in these areas since the
publication of Molecular Catalysis of Rare-Earth Elements, which appeared in
Structure and Bonding in 2010 [12]. The second part of this review deals with
advances in the polymerization of conjugated 1,3-dienes by Ln complexes. The
overarching purpose of this review is to provide research highlights in these areas
since 2010 instead of a comprehensive treatment. Moreover, an in-depth

Scheme 1 The insertion of
1,3-butadiene into the Sm—
H bond of [Sm(Cp*),H] N\ < Me

\

[10, 11] : Jsm—H s [\ —— ; “sm--y
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background to these topics is beyond the scope of this review, so the interested
reader can consult previous reviews and references therein [12—18].

2 Part 1: Catalytic Sigma-Bond Metathesis

2.1 Hpydroamination

Hydroamination is the addition of an N-H bond to an unsaturated bond, and it is a
process that is used to produce amines for use in fine chemical, pharmaceutical, and
agricultural industries. Ln catalysts have been at the forefront of investigations into
hydroamination reactions, and interest in these catalysts remains strong.

As a result of the stronger donor ability of amines versus either alkenes or
alkynes, Ln catalysts have been much more successful in intramolecular
hydroamination than in intermolecular hydroamination, and this is where current
research efforts mainly lie, with so-called “post-metallocene” catalysts continuing
to attract much attention. In addition, the emergence of chiral catalysts has been one
of the most exciting developments in recent years, and they have been used to
achieve greater control over stereoselectivity.

2.1.1 Intermolecular Hydroamination
Chiral Catalysts

Although intermolecular hydroamination has typically proven problematic for Ln
catalysts, in 2010, Hultzsch and coworkers reported the asymmetric
hydroamination of unactivated alkenes with simple amines [19]. They used
substituted binaphtholate Ln complexes (Fig. 1) to catalyze the intermolecular
hydroamination of 1-alkenes with primary amines. Lu and Y catalysts were used
and they exhibited high Markovnikov selectivity and conversion without the
formation of by-products. Importantly, the catalysts are configurationally stable
even at high temperatures (150—170°C), and this offers advantages over traditional
lanthanocene complexes.

Related Y and Lu aminodiolate complexes have also been used in intra- and
intermolecular hydroamination/cyclization (Scheme 2) [20]. Enantiomeric
excesses (ees) for the hydroamination/cyclization reactions were as high as 92%
using a Lu catalyst (4), while the ees for the intermolecular hydroamination of
1-heptene and 4-phenyl-1-butene using an Y catalyst (3) were 36% and 40%,
respectively. In-situ-generated La catalysts did not show any improvement in
performance. Overall, these catalysts perform worse than the aforementioned
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Fig. 1 Binaphtholate RE complexes used to catalyze the intermolecular hydroamination of
1-alkenes with primary amines [19]
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Scheme 2 Ln aminodiolate complexes used in intra- and intermolecular hydroamination/cycli-
zation reactions [20]

binaphtholate complexes, and this was attributed to the presence of the additional
amine functionality in the aminodiolate complexes.

Achiral Catalysts

Most Ln catalysts feature trivalent metal centers, but Trifonov and Carpentier
recently reported divalent Yb amide complexes (Scheme 3) that catalyze the
intermolecular hydroamination of styrene with pyrrolidine to give the anti-
Markovnikov addition product exclusively [21]. Catalyst loadings of 2 mol%
gave widely differing results. Complex 5 gave a conversion of just 12%, while
6 and 7 performed much better at 85% and 96%, respectively. The well-known
complex, [Yb{N(SiMe;), }»(thf),], was also tested and it gave a conversion of 37%.
The superiority of 7 in this particular hydroamination reaction can possibly be
attributed to the lower degree of coordinative saturation compared with the other
complexes, although other ligand effects cannot be ruled out.
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iPr o/ {Bu tBu
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Scheme 3 Structures of divalent Yb catalysts used in the intermolecular hydroamination of
styrene with pyrrolidine [21]
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Fig. 2 Y and Yb N-substituted binaphthylamido neosilyl complexes [24]
2.1.2 Intramolecular Hydroamination
Chiral Catalysts

As documented in “Chiral Catalysts” of Section 2.1.1, substituted bis(naphthyl)
complexes have become popular spectator ligands. Collin and coworkers continued
this trend with their use of N-substituted binaphthylamido complexes to effect the
intramolecular hydroamination/cyclization of aminoalkenes [22], and Livinghouse
et al. also used this same ligand framework to prepare neosilyl complexes for use in
intramolecular hydroamination [23]. Hannedouche and coworkers also used these
same ligands to make neutral and “ate” neosilyl complexes of yttrium and ytter-
bium (8-10, Fig. 2) [24]. When compared with the neutral complexes, the “ate”
complexes were less active and less regioselective (see Table 1). The neutral
complexes were very active and proceeded with ees of up to 83%, which at the
time was highest reported value for a rare-earth-catalyzed hydroamination of a
secondary amine.

The same N-substituted binaphthylamido ligands were used to prepare alkyl
“ate” complexes, which were prepared in situ for hydroamination reactions (11-13,
Scheme 4) [25]. The lanthanum and samarium catalysts were generally more active
and more enantioselective than the yttrium catalysts, and this is thought to be a
function of the larger ionic radii of the former two metals. However, catalytic
systems without any lanthanide present were by far the most active, although there
was no improvement in the ees.
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Table 1 Examples of Y and Yb N-substituted binaphthylamido neosilyl complexes in
hydroamination reactions (catalyst loading = 6 mol%) [24]

Catalyst | Aminoalkene Product Temp. (°C) | Time (h) | Conversion (%) | ee (%)
(5)-8 NHMe NMe |T.t. 0.17 95 83
($)-9 OC\ OCK It 017 |95 81
(R)-10 r.t. 0.17 95 -72%
($)-10 r.t. 0.17 95 72
(S)-8 ><:\tMe ><:\ge r.t. 0.17 95 80
$)-9 A r.t. 0.17 95 80
(8)-10 r.t. 84 95 60
($)-10 50 16 85 66

“Change in the absolute configuration of the product

L|(thf)2 (thf)Li
O R Me R ’\M
/ e
Ean/Me N u\\\\m—\a\\Me
| |
OO N /Me R\7i/,\,|e Me\\u(thf)

thf

R = cyclopentyl R = cyclopentyl ((R)-13)
Ln=8m ((R)-11); Ln =Y ((R)-12)

LN;Z\/\(R)-ﬂdS (10 mol %)_ D—/M
rt., CeDg o

N

C\/\(R)ﬂ -13 (10 mol %) Oli/%
A N r.t., CgDg %

Scheme 4 Chiral N-substituted binaphthylamido methyl “ate” complexes for hydroamination/
cyclization [25]

In follow-up work, Hannedouche and coworkers prepared (R)-8-LiCl, along with
other related catalysts, and they found that the LiCl-containing catalysts of the
cyclopentyl-substituted binaphthylamido ligands were more active and gave better
ees than the complexes without LiCl [26]. This is evidence of a possible cooperative
heterobimetallic effect, but the exact role of the LiCl in these reactions has not yet
been determined.

In a shift away from binaphthylamido ligands, Roesky and coworkers prepared
the first chiral rare-earth amidinate complex (Fig. 3) [27]. Complex 14 was tested in
the hydroamination of various alkenes and alkynes, and high yields and ees up to
75% were obtained. In a follow-up paper, the yttrium (15) analogue was also
prepared (Fig. 3) [28]. Complex 15 was generally more active than complex 14;
however, the enantioselectivity was lower, presumably a consequence of more
space around the metal center.
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N
Ph  MesSi° SiMe; Ph
Ln = Lu (14), Y (15)

Fig. 3 The first chiral rare-earth amidinate complexes [27, 28]

_N\Ln/’\‘— . R NH2 ) BuLi (or LICH,(SiMes)) _ R NH
l}l/ o N R CeDe, 25C R
Ar Ar n \ n
0,
LnL"CI ees up to 90 %
Ln = Sc, L' (Ar = 2,6-Me,CgH3) (16)
Ln=Y, L' (Ar= 2,6-Me,CgH3) (17)

Ln =Y, L2 (Ar = 2,6-Et,CgH3) (18)
Ln =Y, L8 (Ar = 2,6-iPr,CgHg) (19)

Scheme 5 Chiral tetraazane complexes used in hydroamination/cyclization reactions [29]

Mu and coworkers used substituted chiral tetraazane ligands to prepare a variety
of rare-earth complexes for use in hydroamination reactions (Scheme 5) [29]. When
used in tandem with an equimolar amount of an alkyllithium reagent, complexes
16-19 were used to effect the intramolecular hydroamination of various
aminoalkenes. Good conversion and spectacular ees of up to 90% were recorded
at room temperature. Complexes 17 and 19 were treated with Li(NEt,) to yield
yttrium amide complexes, which could be used directly in hydroamination reac-
tions without the use of an alkyllithium cocatalyst. However, the activity of the
amide complexes was typically lower than that of the rare-earth/alkyllithium
systems. Nevertheless, in one transformation, [YL}(NEt,)Li(thf),] afforded an ee
of 90%.

Ward and coworkers used the bis(oxazolinylphenyl)amide (R-BOPA) ligand to
prepare a variety of lanthanide bis(alkyl) and bis(BTSA) (BTSA =bis
(trimethylsilyl)amide) complexes (Fig. 4) [30]. Complexes 20a—c are noteworthy
for their thermal stability compared with CH,SiMe; complexes, and this was
attributed to replacing one methyl group with a phenyl group. Indeed, Zhang and
Li reported the ring opening of oxazoline complexes when CH,SiMe; co-ligands
were present [31]. Complexes 20-25 were used in the hydroamination/cyclization
of two related aminoalkenes (Scheme 6), and poor to modest ees were achieved.
The yttrium amide complexes 21a—c did not cyclize either aminoalkene, even under
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Fig. 4 Chiral rare-earth R-BOPA complexes [30]
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Scheme 6 Intramolecular hydroamination/cyclization catalyzed by chiral rare-earth R-BOPA
complexes [30]

forcing conditions, but the alkyl complexes 20a—f reacted swiftly with the geminal
diphenylaminoalkene and afforded ees up to 44% (inversion of absolute configu-
ration in some cases). The cationic complexes 20d—f showed a slight reduction in
selectivity. In contrast to the yttrium complexes, the complexes of the larger
lanthanides were able to catalyze the transformation of the geminal dimethylami-
noalkene, although the reactions proceeded sluggishly and with poor ees. Interest-
ingly, with the phenyl-substituted BOPA complexes 22¢—25¢, the cyclization of the
geminal diphenylaminoalkene proceeded with significantly improved ees when the
reactions were performed in toluene instead of benzene. Although beyond the scope
of this review, the complexes exhibited luminescent properties and they were also
investigated in the ring-opening polymerization of rac-lactide.

Although research into cyclopentadienyl (Cp) catalysts has waned, Sadow and
coworkers published some impressive results with a chiral (cyclopentadienyl)bis
(oxazolinyl)borato yttrium alkyl complex (26; Scheme 7) [32]. Complex 26 was
incredibly efficient at promoting the hydroamination/cyclization of 3,3-diphenyl-
pent-4-en-1-amine (Scheme 7). The reaction proceeded with complete conversion
in 10 min with an ee of 94% (S isomer). A bis(dimethylamino)zirconium complex
bearing the same supporting ligand also showed excellent activity (ee =93%), but it
afforded the R isomer instead. They also prepared other achiral and chiral catalysts
with similar ligands but they did not afford as good results as 26.

Other chiral catalysts have also been prepared, including amidate [33] and linked
B-diketiminate [34] complexes, highlighting the multitude of chiral ligands that are
available. The number of chiral Ln complexes used in hydroamination looks set to
increase greatly, and the future holds great promise.
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Scheme 7 A chiral (cyclopentadienyl)bis(oxazolinyl)borate yttrium alkyl complex used to cata-
lyze the hydroamination/cyclization of 3,3-diphenyl-pent-4-en-1-amine [32]
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Scheme 8 Examples of hydroamination/cyclization by rare-earth imidazolin-2-iminato bis
(neosilyl) complexes (catalyst loading =5 mol%) [38]

Achiral Catalysts

Although research into hydroamination has seen a general shift away from
metallocene (and related) catalysts, research is still being conducted in this area,
e.g., the use of cyclopentadienylphosphazene bis(alkyl) complexes [35], half-
sandwich indenyl bis(alkyl) complexes [36], and silicon-linked amido/indenyl
BTSA complexes [37].

Highlighting the trend toward the use of non-metallocene catalysts, Tamm and
Roesky and coworkers successfully employed yttrium and lutetium imidazolin-2-
iminato bis(neosilyl) complexes to catalyze various hydroamination/cyclization
reactions of aminoalkenes and aminoalkynes (see Scheme 8 for examples)
[38]. The reactions proceeded regiospecifically and gave full conversion in most
cases. Unlike metallocene catalysts, the activity of the yttrium and lutetium cata-
lysts was generally not related to the ionic radius of the respective metals, but they
were not as active as their metallocene counterparts. The catalytic applications of
Ln imidazolin-2-iminato complexes were covered by Tamm and coworkers several
years ago [39].

Anwander and coworkers found a novel way to exploit new reactivity from
otherwise standard [Ln(BTSA);] complexes. Grafting of [Ln(BTSA);] (Ln=Y
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La, Nd) onto partially dehydroxylated periodic mesoporous silica (PMS) gave
active, recyclable catalysts for the intramolecular hydroamination/cyclization of
2,2-dimethyl-4-penten-1-amine [40]. The activity of the grafted complexes was
much higher than that of [Y(BTSA);], but it was dependent on the metal size, pore
size, and particle morphology. SBA-15_500 (d,=7.9 nm), SBA-15LP_sy
(dp=16.6 nm), and MCM-41_5¢ (d, =4.1 nm) were the supports that were used,
with the extra-large pore size of SBA-15LP_5y proving the most successful at
minimizing product inhibition and substrate diffusion effects. The activity of [Y
(BTSA);]@SBA-15LP_s0, (TOF =420 h™' at 60°C) was much higher than that of
[Y(BTSA);] (TOF =54 h™ " at 50°C), and it could be collected and reused twice at
much different temperatures, albeit with greatly reduced activity for each recycling
step. The surface species of the recycled catalyst was investigated by DRIFT
spectroscopy (the proposed surface structure is shown in Fig. 5).

Trifonov and coworkers prepared a series of thiazole-substituted
amidopyridinate yttrium alkyl complexes (29-31, Fig. 6) and tested them in various
hydroamination/cyclization reactions (Table 2) [41]. They also tested the com-
plexes in the presence of [Ph3C][B(C¢Fs)4] as an alkyl group abstractor in order to
generate cationic complexes in situ, and these were far more active than the neutral
complexes. Cationic complexes derived from 30 and 31 were far superior to those
of complex 29, with the cationic complex produced from 31 giving the best results
in all cases. The superiority of the cationic complexes can be attributed to a lack of
steric saturation. Moreover, the coordinating thf molecule in 29 blocks access to a
coordination site and lowers the Lewis acidity of the yttrium ion. Interestingly,
complex 30 undergoes metal-to-ligand alkyl transfer with concomitant ring open-
ing of the thiazole ring to yield 32 (Fig. 6), which afforded poor conversions in
hydroamination reactions (Table 2).

2.2 Hpydrophosphination

Hydrophosphination is the addition of a P-H bond to an unsaturated bond, and it is
used to generate useful phosphines. Although conceptually very similar to
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Fig. 6 Thiazole-substituted
amidopyridinate yttrium

\ Me;Si
alkyl complexes (29-31) S'Mes N
and 32 [41] /(thf)n \ /(thf
‘\,SIMGS \\/S|M93

R=5Me,R'=H,n=1(29)
R = 5-Me, R' = Me, n = 0 (30)
R = benzo[d], R' = Me, n= 0 (31)

Table 2 Thiazole-substituted amidopyridinate alkyl yttrium complexes used in hydroamination/
cyclization reactions in toluene (catalyst loading =5 mol%) [41]

Catalyst Aminoalkene Product Temp. (°C) Time (h) Conversion (%)
29* Y 80 2 10
P Ak Ph
30 Ph><\/ NH |40 1.5 11
30° NH, P 80 0.75 9%
31 80 7 30
31° 80 0.75 >99
32 80 7 23
32¢ 80 24 -
29¢ Y% 80 2 5
=7 IR R
300 R><\/ NH |40 2 81
3 NH, R 80 0.75 >99
(R=-(CHy)s")

#[Ph3C][B(C¢Fs)4] present as an activator

hydroamination, there are important differences in regard to metal size effects and
rate-determining steps [42].

Progress in hydrophosphination mediated by rare-earth metals has long lagged
behind research into hydroamination, and this continues to be the case. Nonethe-
less, some exciting results have been published in the last several years.

Schmidt and Behrle investigated the addition of various phosphines to a variety
of heterocumulenes [43]. These reactions were catalyzed by [La(dmba)s] (33,
dmba = a-deprotonated dimethylaminobenzyl) (Scheme 9). The yields of the reac-
tions were modest to excellent. The acidity of the disubstituted phosphines that
were used also had an effect, with diarylphosphines adding to the heterocumulenes
at room temperature, whereas the less acidic di-fert-butylphosphine did not react at
all, even at 80°C.

In a particularly comprehensive study, Carpentier and coworkers prepared
divalent ytterbium and europium iminoanilide BTSA complexes (Fig. 7) and tested
them in the hydrophosphination of styrene with diphenylphosphine (Scheme 10), as
well as in both hydroamination/cyclization and intermolecular hydroamination
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[La(dmba)s] (33) (5 mol %)  Ar, X
Ar,PH + RN=C=X > /P—<
thf, r.t., 6h Ar HN—-R

(38-93 %)

Ar = Ph, 4-MeOCgH,, 4-MeCgH4
R = iPr, Cy, Ph, Ad, 1-naphthyl
4Y-CgHy4 (Y = F, CI, Br, CF3)

X =NiPr, NCy, O, S

Scheme 9 Intermolecular hydrophosphination reactions catalyzed by [La(dmba)s] [43]

BTSA (thf),

Ln =Yb (34), n=1; Eu (35), n = 2; Ar = dipp

Fig. 7 Ytterbium and europium iminoanilide BTSA complexes used in hydrophosphination,
hydroamination/cyclization, and intermolecular hydroamination reactions [44]

= PR,
34, R = Ph, 45 %, 15 min.
+ PR 34-35 (2 mol %) 34, R = Cy, 35 %, 1080 min.
2 neat, 60 °C 35, R = Ph, 93 %, 15 min.
R = Ph, Cy

Scheme 10 Hydrophosphination reactions catalyzed by ytterbium and europium iminoanilide
BTSA complexes 34 and 35 [44]

reactions [44]. They also prepared group 2 iminoanilide complexes but the results
of these catalysts are not discussed here. As expected, the hydrophosphination of
styrene with PPh,H catalyzed by 34 proceeded much faster than the analogous
reaction with PCy,H, a consequence of the much lower acidity of PCy,H. The
anti-Markovnikov products were obtained in all reactions, with the larger europium
catalyst 35 affording much greater conversion than 34.

As outlined in “Achiral Catalysts” of Section 2.1.1, Trifonov and Carpentier
recently reported divalent Yb complexes (5—7, Scheme 3) that were used to catalyze
intermolecular hydroamination reactions [21]. They also tested the same complexes
in various intermolecular hydrophosphination reactions of styrene, all of which
yielded the anti-Markovnikov product (Scheme 11; results are summarized in
Table 3). As in the hydroamination reactions, complex 7 provided the best results.
Using PPh,H, an impressive conversion rate of 92% was achieved after 4 h with a
catalyst loading of 1 mol%, although poor conversion of 15% was achieved after
8 h with a catalyst loading of 0.5 mol%, indicating decay of the catalyst. This decay
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PPhR
5-7 (0.5-2 mol %)
+PPhnRH ——————————>
neat, 60 C
R=Ph,H

Scheme 11 Hydrophosphination reactions of styrene with various aryl phosphines, catalyzed by
the divalent Yb complexes 5-7 [21]

Table 3 Results of the hydrophosphination of styrene with various aryl phosphines, catalyzed by
the divalent Yb complexes 5-7 [21]

Catalyst (mol%) Phosphine Time (h) Conversion (%)
5(2.0) Ph,PH 0.25 27
52.0) Ph,PH 2 55
6 (2.0) Ph,PH 0.25 17
6 (2.0) Ph,PH 2 27
7 (2.0) Ph,PH 0.25 31
7 (2.0) Ph,PH 2 71
7 (1.0) Ph,PH 4 92
7 (0.5) Ph,PH 8 15
7 (2.0) PhPH, 10 30
7 (2.0) PhPH, 60 61
[Yb(BTSA),(thf),] (2.0) Ph,PH 2 24
dipp c,jipp
- dipp—N B N—dipp N, /thHﬁ /N
dipp—N-, N~dipp [Li(thf),] SvZ )I ,YEH =
thf,{fDCHZSiM% Me;SiH,C CH,SiMes E‘i thf T
36 37 PP aiop

Fig. 8 Yttrium alkyl and hydride diamide complexes (36-38) used in intermolecular hydropho-
sphination and intermolecular hydroamination reactions [45]

was supported by a change in the color of the solution from deep red to pale yellow,
along with the appearance of very broad resonances in the '"H NMR spectrum,
indicating oxidation of the catalyst to an Yb"™ species. Much poorer results were
achieved using PPhH,, and only the primary hydrophosphination product was
observed. Kinetic experiments with 7 showed that the reaction is zero order with
respect to [phosphine] and first order with respect to [styrene] (partial order of 0.72
was found but the authors believed that this is due to experimental error). The
reaction was found to be partial order (0.5) with respect to [catalyst]. This was
suggested to relate to dimerization in solution, but further experiments did not
confirm this hypothesis.

Trifonov and coworkers prepared a series of yttrium alkyl and hydride diamide
complexes that they used in intermolecular hydrophosphination and intermolecular
hydroamination (Fig. 8) [45]. All catalysts gave 100% conversion in the
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hydrophosphination reactions (2 mol% cat., 72 h, 70°C) of styrene and
4-vinylpyridine with PPh,H. However, in the analogous hydrophosphination reac-
tion with 1-nonene, only catalyst 37 afforded any of the product, albeit in low yield
(17%). In the hydrophosphination of diphenylacetylene with PPhH,, all complexes
gave 100% conversion, but when PPh,H was used, catalyst 37 was the only species
that afforded full conversion. All complexes also catalyzed the double addition of
PPhHj; to styrene, with complex 37 proving to be the most active once again.

2.3 Hyadrosilylation

Hydrosilylation is the addition of Si—H bonds across unsaturated bonds, and it is
very useful in the preparation of organosilicon compounds. However, like
hydrophosphination, rare-earth-catalyzed hydrosilylation has not been as exten-
sively researched as hydroamination. Nonetheless, a handful of promising results
have been reported in the past several years.

As seen in “Achiral Catalysts” of Section 2.1.2, Roesky and Tamm reported the
imidazolin-2-iminato bis(neosilyl) rare-earth complexes 27 and 28 (Scheme 8) and
explored their use in hydroamination reactions [38]. They also explored their
activity in the hydrosilylation of 1-hexene and 1-octene with phenylsilane. Both
catalysts showed remarkable activity, with all reactions going to completion in less
than 5 min at room temperature. The anti-Markovnikov product was overwhelm-
ingly favored in every case, with anti-Markovnikov/Markovnikov (AM:M) ratios of
99:1 being observed in all cases (Table 4).

In some particularly impressive work, Piers and coworkers reported the
anilidobipyridyl complex 39-B(C¢Fs); (Fig. 9), which was formed by CO, insertion
into an anilidobipyridyl organoscandium precursor followed by treatment with B
(CgFs); [46]. Complex 39-B(C¢Fs); proved to be a potent catalyst for the
hydrosilylation of CO, with Et3SiH to form the bis(silylacetal), Et;SiIOCH,0SiEt;.
The proposed catalytic cycle is complex, though it seems that dissociation of small
amounts of B(CgFs); initiates the catalytic cycle by activating Et3SiH. Further
reduction to methane does not occur since the equilibrium between dissociation
of 39-B(C¢F5)3 into B(CgF5); and 39 lies much in favor of 39-B(C¢F5);. A TON of
3,400 was found using low catalyst loadings (0.02%) and prolonged reaction times.

Table 4 Hydrosilylation of 1-hexene and I-octene with phenylsilane, catalyzed by the
imidazolin-2-iminato bis(neosilyl) rare-earth complexes 27 and 28 [38]

Catalyst Alkene Product Time (min) Yield (%) (AM:M)
= SiPhH .
27 C4Hg/_ C4Hg/\/ ! 2 <5 99:1
28 <5 99:1
= SiPhH :
27 CeHln CGH13/\/ iPhH, <5 99:1
28 <5 99:1




100 R.P. Kelly and P.W. Roesky

39 + B(CgFs5)y ——=— "

39°B(CeFs)3

Ar = 3,5-(Bu),CgH3, R = CH,SiMe,Ph

Fig. 9 An anilidobipyridyl complex 39-B(C¢F5); used in the hydrosilylation of CO, with Et;SiH
to form Et;SiOCH,OSiEt; [46]
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Fig. 10 Rare-earth metal Me;TACD complexes used in hydrosilylation reactions [47]
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Scheme 12 Hydrosilylation of furfural with PhSiH; catalyzed by the rare earth Me;TACD com-
plexes 40—42 (a=bis(furfuryl)phenylsilane, b=tris(furfuryl)phenylsilane, c=2-furfuryl alcohol) [47]

Continuing the theme of multidentate ligands, Okuda and coworkers prepared a
series of macrocyclic complexes bearing the 1,4,7-trimethyl-1,4,7,10-tetraazacy-
clododecane(1—) ligand (Me;TACD), along with alkyl, allyl, or hydride co-ligands
(Fig. 10) [47]. Although complexes other than the ones shown in Fig. 9 were also
prepared, complexes 40-42 were the only ones used in hydrosilylation reactions
(Scheme 12). The hydrosilylation of furfural with PhSiH; proceeded swiftly, with
the yttrium complexes 41 and 42 proving much more reactive than the lanthanum
complex 40 (Table 5).

Trifonov and coworkers utilized the bis(guanidinate) rare-earth hydride com-
plexes, [Ln{(Me;Si1),NC(NR>) }»(p-H)]» (Ln=Y, R=iPr (43); Ln=Lu, R=iPr (44);
Ln=Y, R=Cy (45); Ln=Lu, R=Cy (46)), to effect the hydrosilylation of non-1-ene
with phenylsilane to afford the anti-Markovnikov product, Ph(n-CoH;9),SiH,, in
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Table S Results from the hydrosilylation of furfural with PhSiHj, catalyzed by rare-earth
Me;TACD complexes 4042

Product ratio
Catalyst Catalyst/furfural Time Conversion (%) a b
40 1:40 3 days >98 31 69
41 1:40 <7 min >98 81 19
42 1:40 <7 min >98 18 82

good yields [48]. The reaction using 43 was studied in detail, and NMR experiments
showed that the reaction is zero order with respect to [PhSiH;] and first order with
respect to [C;H;sCH=CH,]. During studies with excess non-1-ene, it was found the
silane that is formed, Ph(n-CoH;9),SiH,, undergoes another reaction to afford the
tertiary silane, Ph(n-CoH,9),SiH. This was the first time that a rare-earth-catalyzed
reaction allowed for the double addition of an alkene to phenylsilane, underscoring
both the utility of rare-earth complexes in hydrosilylation reactions and the dearth
of research in this important field.

2.4 Outlook

Research into hydroamination promoted by rare-earth catalysts should remain
strong, and it is likely that efforts will be increasingly directed to the development
of a greater range of chiral complexes. Further research into less common divalent
complexes is warranted by some promising results, and it is also likely that the
number and effectiveness of rare-earth catalysts for intermolecular hydroamination
will grow. The relatively new field of hydrophosphination should attract more
attention, and many catalysts that have proven effective in hydroamination could
be tested. Although interest into hydrosilylation is currently very low, there are a
considerable number of potentially suitable complexes that could be trialed, and the
area is primed for more intensive research.

3 Part 2: Polymerization of 1,3-Dienes

3.1 Introduction

Polymers derived from 1,3-dienes are among the most industrially important
products made today, and they are mainly used in the production of synthetic
rubbers. The properties of the products are primarily affected by the way the
monomer units are linked, i.e., with cis-1,4-, trans-1,4-, iso-3,4- (or 1,2), syndio-
3,4- (or 1,2), or atactic-3,4- (or 1,2) regularities, and great efforts have been made to
effect control over which form predominates. Rare-earth catalysts have been used
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Scheme 13 Polymerization of isoprene and butadiene to yield the cis-1,4- and trans-1,4-products,
respectively

with terrific results in the polymerization of 1,3-dienes, and research into rare-earth
catalysts for these reactions remains very strong. A comprehensive review is
beyond this scope of this chapter, so recent highlights in four key areas are covered
here: cis-1,4-polymerization and trans-1,4-polymerization (discussed together), the
3,4-polymerization of isoprene, and copolymerization reactions of 1,3-dienes with
unsaturated substrates.

3.2 Cis-1,4-Polymerization and Trans-1,4-Polymerization

The polymerization reactions of isoprene and butadiene are two of the most
important industrial processes in chemistry, and great efforts have been made to
produce viable rare-earth catalysts for these reactions. Cis-1,4- and trans-1,4-
products are highly desirable, and both products find applications in the production
of tires and other necessary products [70]. The polymerization reactions of isoprene
and butadiene to yield the cis-1,4- and trans-1,4-products, respectively, are shown
in Scheme 13.

A wide variety of rare-earth catalysts for these reactions have been prepared in
the past several years, and a selection of them is shown in Scheme 14.

Interest in traditional metallocene catalysts remains strong, and solid results
show that they still have an important part to play in rare-earth catalysis. Cui and
coworkers used the substituted half-sandwich bis(allyl) yttrium complex 47 in
tandem with [Ph;C][B(CgFs),4] for a variety of polymerization reactions, including
the highly cis-1,4-selective (99%) polymerization of butadiene (Table 6)
[49]. Although unrelated to the scope of this review, 47 also promoted the highly
syndiotactic polymerization of styrene (rrrr>99%). Anwander and coworkers
used a series of tetramethylcyclopentadienyl bis(tetramethylaluminate) Ln com-
plexes (48-52) and various boron cocatalysts for the stereospecific polymerization
of isoprene [50]. Moderate to excellent (55-95%) trans-1,4-selectivity was
observed in most cases, with the nature of the boron cocatalyst affecting the
outcome. However, when compared with previous results using the bulkier
CsMes ligand [51], the reduction in the steric bulk from CsMes to CsMesH was
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Scheme 14 A selection of rare-earth catalysts used for the polymerization of isoprene or
butadiene to yield cis-1,4- or trans-1,4-products, respectively [49, 50, 57-60, 67]

accompanied by a loss in trans-1,4-selectivity and catalytic activity. Continuing the
theme of cyclopentadienyl rare-earth bis(tetramethylaluminate) complexes,
Anwander also prepared a series of dimethylanilium-functionalized cyclopen-
tadienyl complexes that underwent intramolecular C-H activation to yield
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Table 6 Highly cis-1,4-selective polymerization of butadiene by complex 47/[Ph;C][B(C¢Fs)4]

[49]

Butadiene/ | Time Conversion Activity polymer | cis-1,4 M, M,/
Lu (min) (%) (kg mol;,~'h™Y) | (%) (x10% M,
500 1 >99 1,620 97.1 3.1 1.24
1,000 1 >99 3,240 97.0 6.4 1.26
2,000 1 >99 6,480 97.0 13.2 1.25
500° 10 70 114 99.0 3.6 2.13

Conditions: Lu (10 pmol), [Lu]:[Ph3C][B(C¢F5)4] = 1:1, T =20°C, toluene/butadiene = 5:1 (v/v)
“Chlorobenzene (5 mL)

complexes of the form [{CsMe,CsHsNMe(p-CH,)AIMes }Ln(AlMey)] [52]. The
lanthanum-based pre-catalysts and boron (or borate) cocatalysts were highly trans-
1,4-selective (up to 95.6%) in the polymerization of isoprene. A living-
polymerization mechanism was inferred from narrow molecular weight distribu-
tions (M,/M,, < 1.1) and complete consumption of the isoprene monomers. It is
also worth mentioning that Anwander and coworkers grafted monophosphacyclo-
pentadienyl bis(tetramethylaluminate) complexes onto mesoporous silica SBA-15.
These materials showed modest activity in the polymerization of isoprene, but
spectacular cis-1,4-selectivity was observed (99%) [53]. Anwander continues to
be prolific in the use of half-sandwich complexes, recently using half-sandwich
tetramethylaluminate complexes with peripheral boryl ligands in the polymeriza-
tion of isoprene [54]. He also used substituted tetramethylcyclopentadienyl bis
(allyl) complexes in the polymerization of isoprene [55]. Using varying amounts
of [La(Cp*)(BH,),(thf),], Mg(nBu)(Et), and a chain transfer agent, Zinck and
coworkers were able to prepare trans-1,4-polyisoprene by chain transfer polymer-
ization with very high selectivity values (up to 99%) [56]. However, the trans-1,4-
selectivity decreased with increasing amounts of Mg(nBu)(Et) to favor
3,4-selectivity.

Multidentate ligands are being increasingly utilized in all areas of catalysis.
Complexes 53—60 are related in that they all have tridentate ancillary ligands. Xu
and coworkers prepared a series of chiral bis(oxazolinyl)phenyl rare-earth
dichloride complexes (53-58), which were then used in the polymerization of
isoprene [57]. When used in conjunction with [PhNHMe,][B(CsFs)4] and Al
(iBu)s;, complexes 54-57 afforded remarkable cis-1,4-selectivity values of up to
99.5% (Table 7). Complexes 53 and 58 performed very poorly, and this is a
consequence of the small size of scandium and lutetium, respectively. Importantly,
the selectivity of complex 54 dropped only marginally at 80°C while still
maintaining high cis-1,4-selectivity (96.4%). Roesky and coworkers prepared a
series of structurally related pyrrolyl Schiff base complexes (59-60) that were
found to be highly active and reasonably cis-1,4-selective (up to 85%) catalysts
for the polymerization of butadiene [58]. When used with AlEt;/B(CgFs); cocata-
lysts, the dimeric complex 60 showed exceptionally high activity, with 3.604 kg of
polymer produced per mmol catalyst per hour, and this is significantly higher than
other systems tested under comparable conditions.
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Table 7 Highly cis-1,4-selective polymerization of isoprene by complexes 5S3—-58/[PhNHMe;]
[B(CeFs)al/Al(iBu)s [57]

Time | Yield | M,,

Catalyst| Temp. (°C)| (min) | (%) | (x10%) | My /M, |cis-1,4 (%) |trans-14 (%) |3.4 (%)
53 30 60 Trace | — - - - -
54 -8 60 84 574 2.26 99.5 0 0.5
54 30 30 100 |11.6 2.12 98.6 0.8 0.6
54 50 5 100 | 10.7 1.65 974 1.4 1.2
54 80 5 86 11.2 2.07 96.4 1.6 2.0
55 30 15 100 | 11.0 2.34 98.9 0.6 0.5
56 30 30 100 |13.9 3.21 99.2 0.4 0.4
57 30 60 78 12.0 3.69 98.3 0.9 0.8
58 30 60 7 - - - - -

Conditions: C¢HsCl (3 mL), [Ln]:[PhNHMe,][B(C4Fs)4]: Al(iBu); = 1:1:10, [isoprene]/[Ln] = 500

Table 8 Polymerization of isoprene by 61-65/borate/Al({Bu);* (or Mg(nBu)zb): differences in
selectivity [59]

Temp. | Time M,
Catalyst | (°C) (h) Yield (%) | (x10% | My /M, |cis-14 (%) | trans-1,4 (%) | 3.4 (%)
61 +B* |20 5 min 98 23.0 3.07 95.0 1.5 3.5
62+B* |20 10 min | 99 16.8 2.52 95.6 1.3 3.1
63+B" |20 4 100 8.75 2.08 97.2 1.0 1.8
63+B* | 0 8 82 11.5 1.87 97.7 0 2.3
64+ A" |15 4 100 3.08 1.42 12.0 88.0
65+A° |15 5 73 421 1.10 1.3 97.2 1.5
65+B° |50 6 82 4.43 1.23 32 95.2 1.6

Conditions: toluene (5 mL), A= [PhNHMe,][B(C¢Fs)4], B =[Ph3C][B(CgFs)4], [Ln]:[borate]:
[Al] = 1:1:10 (or [Ln]:[borate]:[Mg] = 1:1:1), [isoprene]/[Ln] = 1,000

2Al(IBu)s

°Mg(nBu),

Cui and coworkers prepared a series of aminopyridinato rare-earth complexes
(61-63) and some related NPN complexes (64 and 65) [59]. Remarkably, these
complexes were found to promote either cis-1,4-, trans-1,4- or 3,4-selective poly-
merization of isoprene depending on which complex and cocatalysts were used
(Table 8). Complexes 61-63 were highly cis-1,4 selective when used in conjunction
with [Ph3C][B(Cg¢Fs)4] and Al(iBu);, and selectivities of 95.0-97.7% were
obtained. On the contrary, the neodymium NPN bis(borohydride) complex 64
afforded 3,4 selectivities of around 87-88% when used in conjunction with Al
(iBu); and either [PhNHMe,|[B(C¢F5)4] or [Ph3C][B(CgFs)4]. The related lutetium
NPN bis(neosilyl) complex 65 actually promoted the trans-1,4-specific polymeri-
zation of isoprene when used in concert with Mg(nBu), and either [PhNHMe,][B
(CgF5)4], [Ph3C][B(CgsFs)4], or B(CgFs)3, and selectivities of 94.2-97.2% were
achieved. The trans-selectivity of 65 was tentatively ascribed to the formation of
a bimetallic intermediate.
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Bonnet and others used the bis(phenolate)amine neodymium borohydride com-
plexes 66—68 to promote the formation of trans-1,4-isoprene with very good
selectivity values (ca. 93-95%) when combined with Mg(nBu)(Et) [60]. They
were much more selective than analogous samarium complexes, as expected. The
same systems also catalyzed the formation of atactic polystyrene. Unusually, the
samarium catalysts were much more active than the neodymium ones.

Amidinate and p-diketiminate ligands continue to attract considerable attention
in polymerization reactions [61-66], and a scandium benzamidinate system (69)
provided some interesting results in the polymerization of polyisoprene [67]. When
treated with [Ph3;C][B(CgFs)4], complex 69 showed good 3,4-selectivity (just under
90%). However, when AlMe; was added to the system, the regioselectivity changed
and cis-1,4-selectivity (up to 94%) was observed after the reaction went to com-
pletion in only 2 min.

Although ligand design plays an important role in catalysis, it is always worth
exploring well-established systems. Homoleptic [Ln(BTSA);] complexes have
been known for many years, and they are easily prepared from commercially
available precursors. With this in mind, Visseaux and Bonnet tested [Ln(BTSA);]
(Ln=Y, Nd) in the polymerization of isoprene [68]. When used with B(C4Fs); and
Al(iBu)s, very high activities (up to 4,700 kg mol,~'h™") and cis-1,4-selectivities
(up to 96%) were obtained.

Allyl complexes are popular polymerization catalysts, and Cui and Hou contin-
ued this trend with a series of [Ln{CsMe4(C¢HsNMe,-0)}(C3Hs),] complexes
(Ln=Y (70); Ln=Nd (71); Ln=Gd (72); Ln=Dy (73)) [69]. These catalysts, in
combination with Al(iBu)s/[PhMe,NH][B(C¢Fs),], displayed varied activity in the
cis-1,4-selective polymerization of isoprene. The activity of the catalysts followed
the order Nd > Gd >> Dy >> Y. Although 71 was more active than 72, the latter
provided the highest selectivity (98.2% at 20°C; 99.2% at 0°C). Remarkably, in the
presence of excess Al(/Bu); unprecedented living catalyzed chain growth was
observed. The addition of a second equivalent of isoprene doubled the molecular
weight without affecting the cis-1,4-selectivity or the molecular weight distribu-
tion, the same held true for increasing amounts of Al(iBu);, Moreover, with the
sequential addition of further amounts of butadiene or isoprene, di- or triblock
copolymers were produced.

3.3 3,4-Polymerization of Isoprene

Compared with the large number of cis-1,4-selective, and to a lesser degree trans-
1,4-selective, rare-earth catalysts, the number of active and selective rare-earth
catalysts for the 3,4- polymerization of isoprene is rather low due to unfavorable
electronic factors [70]. However, 3,4-polyisoprene has a number of important uses,
including incorporation into high-performance tires [70]. The 3,4-polymerization
of isoprene is shown in Scheme 15.
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Scheme 16 Rare-earth catalysts for the 3,4-selective polymerization of isoprene [63, 71, 72]

Over the past several years, new rare-earth catalyst systems have emerged that
promote the selective formation of 3,4-polyisoprene. A selection of the rare-earth
pre-catalysts is shown in Scheme 16.

Cui and coworkers prepared a series of NSN- and NPN-ligated rare-earth
complexes (74-78) that proved to be potent catalysts for the 3,4-selective polymer-
ization of isoprene (Table 9) [71]. When used in conjunction with [PhNHMe,][B
(CgFs)4] and Al(iBu); cocatalysts at 10°C, all complexes gave very high
3,4-selectivities (91-98%), with most catalysts giving 100% conversion in
10 min. At —30°C, selectivities were even more impressive (98.2 to > 99%) but
reaction times were much longer. Very good isospecific selectivities (mmmm >
99%) were achieved with 74-77. The highest known T, reported at that time
(170°C) was also achieved. Surprisingly, using complex 78 switched the stereose-
lectivity and moderately syndiotactic polyisoprene was produced (rr/rrrr up to
66%/36%), and at this time, this was the most syndiotactic polyisoprene formed
in a system using rare-earth catalysts.

The imino—amido bis(neosilyl) rare-earth complexes 79—81 also proved to be
potent catalysts for the 3,4-selective polymerization of isoprene [72]. When used
with an equimolar amount of [Ph3C][B(CgFs)4], excellent selectivities (90-100%)
were achieved, along with moderate to excellent yields (60-100%) and low poly-
dispersity values (1.18-1.27).
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Table 9 The 3,4-selective polymerization of isoprene by 74—78/[PhNHMe,][B(C¢Fs)4]/Al(iBu);
[71]

Time Temp. | Yield |M, M,/ |34 mm/mmmm rrfrrrr

Catalyst | (min) “0) (%) (x10% | M, | (%) |(%) mr (%) | (%)
74 10 10 100 13.7 2.1 [95.0 |93/58 7 2

75 10 10 100 13.5 23 197.1 |90/60 8 2

76 10 10 100 14.7 23 98.0 [92/68 5 3

77 60 10 100 11.6 2.1 |93.1 |74/19 24 2

78 10 10 82 7.9 1.7 1972 |15 29 56/27
74 360 -30 100 32.1 20 |99 97/97 3 -

75 360 -30 100 36.7 2.1 >99 | >99/>99 - -

76 360 -30 100 35.0 23 | >99 | >99/>99 - -

77 360 -30 100 37.1 20 |[>99 |80/43 20 -

78" 1,440 -30 70 38 1.7 1990 |1 33 66/36

Conditions: C¢HsClI (5 mL), cat. (10 pmol), isoprene 1 mL, [cat.]:[PhNHMe,][B(C¢Fs)4] = 1:1
“Toluene (5 mL)

A

=N

\Y/—SiMe3
L N7 N\-SiMe,
N + [Ph3Cl[B(CeF5)al
83
isoprene » polyisoprene (yield = 28 %; 3,4-selectivity = 92.7
%) 20 °C, PhMe (3.5 mL), 12 h

(isoprene:catalyst = 1000:1)

Scheme 17 3,4-Selective polymerization of isoprene by the thiazole-substituted amidopyridinate
yttrium complex 83 [73]

The scandium complex 82 was prepared by Luo and coworkers [63], and it is
structurally very similar to complex 69. The binary system comprising complex 82
and [Ph;C][B(CgFs)4] showed good 3,4-selectivity (up to 83%). On the other hand,
when AlMe; was used as well, the selectivity was reversed and the system showed
good cis-1,4-selectivity (83% after 5 min with a yield of 100%).

As seen in “Achiral Catalysts” of Section 2.1.2, thiazole-substituted
amidopyridinate complexes can be useful catalysts for hydroamination reactions.
Trifonov and coworkers prepared a related yttrium complex (83) that was used in
the 3.4-selective polymerization of isoprene (Scheme 17) [73]. Complex 83
afforded high 3,4-selectivity (up to 92.7%) but poor conversion (28%). The con-
version was not altered much by increasing the temperature to 50°C. Adding ten
molar equivalents of Al({Bu); increased the yield to 81% but the 3,4-selectivity
dropped to 61.7%. On the other hand, analogous complexes of Lu, Yb, and Er were
moderately trans-1,4-selective (up to 76.4%).
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Fig. 11 An ansa-bis(indenyl) yttrium allyl complex (85) used in the simultaneous or sequential
copolymerization reactions of isoprene and styrene [75]

3.4 Copolymerization Reactions of 1,3-Dienes with Alkenes

The copolymerization of dienes with alkenes provides an attractive route to
functionalized polymers, which can be used for high-performance applications.
However, low activity is often a distinctive feature of such reactions, but neverthe-
less rapid developments in rare-earth catalysis are beginning to address these
problems.

Complex 84 could be used for the random copolymerization of butadiene and
isoprene (Scheme 18) when used in conjunction with [Ph;C][B(CgFs)4] [74]. Both
the butenyl and isopentenyl fragments were found to have high cis-1,4-regularity
(>99%), suggesting that this catalytic system could be used for the production of
high-performance rubber. The same system was also efficient in the copolymeri-
zation of isoprene and e-caprolactone.

The ansa-bis(indenyl) yttrium allyl complex 85 (Fig. 11) was used in both
simultaneous and sequential copolymerization reactions of isoprene and styrene
[75]. The simultaneous copolymerization reactions afforded copolymers with a
large range of compositions (styrene molar fraction = 0.30-0.98) and stereoregular
trans-1,4-polyisoprene units and isotactic polystyrene units. The catalyst system
preferentially polymerized styrene, and this led to a tendency to form multiblock
materials as opposed to materials with alternating units. Sequential copolymeriza-
tion reactions yielded trans-1,4-polyisoprene-block-isotactic polystyrene featuring
two crystalline blocks.

Visseaux and coworkers investigated the known neodymium borohydride com-
plex, [Nd(Cp*)(BH,4),(thf),] (86), for the random copolymerization of butadiene
and styrene [76]. Mg(nBu)(Et) was used to activate the system and results are listed
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Table 10 Results for the random copolymerization of butadiene and styrene by 86/Mg(nBu)
(Et) [76]

Butadiene/ | Butadiene/

styrene in | styrene in the

the feed copolymer Yield |M, M.,/ | trans- cis- 1,2
[Mg]/[86] | (mmol) (mol%) (%) (x10%) | M, |14 (%) |14 (%) | (%)
1 20/0 100/0 70 10.0 1.28 |95.3 3.1 1.6
1 20/20 96.2/3.8 22 5.80 1.27 |96.4 2.2 1.4
1 20/80 83.1/16.9 10 9.7 1.56 |97.2 2.2 0.6
1 80/20 98.6/1.4 29 24.0 1.44 |95.8 2.8 14
3 20/20 94.7/5.3 4 0.44 1.53 |93.2 1.7 5.1
10 20/20 86.7/13.3 16 0.68 [2.49 [87.3 2.0 10.7

Fig. 12 Structure of
complex 88 [77]

88

in Table 10. Increasing amounts of Mg(nBu)(Et) negatively affected the yield but
slightly increased the rate of styrene insertion. Increasing the amount of styrene also
had a deleterious effect on the yield. However, in all cases, high trans-1,4-selec-
tivity (87-97%) of the polybutadiene backbone was observed.

In a particularly nice piece of chemistry, Zinck and coworkers demonstrated the
chain-shuttling copolymerization of isoprene and styrene using two rare-earth
complexes and Mg(nBu)(Et) [77]. The rare-earth complexes used were the half-
sandwich complex, [La(Cp*)(BHy4),(thf),] (87), and the neodymium ansa-complex
shown in Fig. 12 (88). Complex 87 afforded isoprene-rich copolymers with low T’
values. On the other hand, complex 88 gave copolymers with higher styrene content
and higher T, values. Chain-shuttling experiments were then conducted with
mixtures of the catalysts. Depending on the relative amounts of the reagents,
fully amorphous multiblock copolymers of poly(isoprene-co-styrene) containing
soft blocks rich in isoprene and hard blocks rich in isoprene (very high trans-1,4-
selectivity) were produced. These copolymers, which represent a new class of
thermoplastic elastomers, have two separate T, values that can be tuned by varying
the amounts of reagents. However, increasing amounts of Mg(nBu)(Et) led to the
formation of more traditional statistical copolymers. Selected results are shown in
Table 11.

Li and coworkers prepared a tropidinyl bis(alkyl) scandium catalyst (89) that
was used in the random copolymerization of isoprene and norbornene (Scheme 19)
[78]. Complex 89 was used with [Ph;C][B(C¢Fs)4]/Al(iBu);, and by varying the
amount of norbornene relative to a fixed amount of isoprene (5 mmol), random
copolymers with 57-91 mol% of isoprene were produced with cis-1,4-
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Scheme 19 Random copolymerization of isoprene and norbornene catalyzed by the 89/[Ph;C][B
(C6F5)4]1/Al(iBu); system [78]

configurations of up to 88%. Complex 89 was also used in the cis-1,4-selective
polymerization of isoprene. Overall, it showed similar or better activity than
traditional cationic (cyclopentadienyl)scandium catalysts.

3.5 Outlook

Although metallocene catalysts remain an important class of compounds,
non-metallocene catalysts look like they will be increasingly favored in the search
for catalysts that combine high activity with high selectivity. Important advances
have been made in the development of frans-1,4-selective and 3,4-selective cata-
lysts, but they are still scarcer than cis-1,4-selective catalysts. Bolstered by recent
successes in achieving high cis-1,4-content in copolymers, it is likely that more
intensive research efforts will be directed to this industrially important area.
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The Renaissance of Fullerene
Superconductivity

Yasuhiro Takabayashi and Kosmas Prassides

Abstract Unconventional high-T,. superconductivity, defined both in terms of the
magnitude of the superconducting transition temperature, T, and the key role
played by electronic correlations, not only is the realm of atom-based
low-dimensional layered systems such as the cuprates or the iron pnictides but is
also accessible in molecular systems such as the cubic alkali fullerides with
stoichiometry A3;Cgo (A=alkali metal). In fulleride superconductors, isotropic
high-T, superconductivity occurs in competition with electronic ground states
resulting from a fine balance between electron correlations and electron—phonon
coupling in an electronic phase diagram strikingly similar to those of unconven-
tional superconductors such as the cuprates and the heavy fermions. Superconduc-
tivity at the highest 7, (38 K) known for any molecular material emerges from the
antiferromagnetic insulating state solely by changing an electronic parameter — the
overlap between the outer wave functions of the constituent molecules — and T
scales universally in a structure-independent dome-like relationship with proximity
to the Mott metal-insulator transition (quantified by V, the volume/Cg, or equiv-
alently by (U/W), the ratio of the on-site Coulomb energy, U, to the electronic
bandwidth, W), a hallmark of electron correlations characteristic of high-T.. super-
conductors other than fullerides. The C¢y molecular electronic structure plays a key
role in the Mott—Jahn-Teller (MJT) insulator formed at large V, with the
on-molecule dynamic Jahn-Teller (JT) effect distorting the Ceo>~ units and
quenching the ¢#;, orbital degeneracy responsible for metallicity. As V decreases,
the MJT insulator transforms first into an unconventional correlated JT metal
(where localised electrons coexist with metallicity and the on-molecule distortion
persists) and then into a Fermi liquid with a less prominent molecular electronic
signature. This normal state crossover is mirrored in the evolution of the
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superconducting state, with the highest 7. found at the boundary between uncon-
ventional correlated and conventional weak-coupling BCS superconductivity,
where the interplay between extended and molecular aspects of the electronic
structure is optimised to create the superconductivity dome.

Keywords Antiferromagnetism - Electron correlation - Fullerenes - Jahn—Teller
effect - Metal—insulator transition - Mott insulator - Superconductivity
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1 Introduction

The discovery of Cg, (buckminsterfullerene, a quasi-spherical molecule of icosa-
hedral (/;,) symmetry with dimensions of ~1 nm and the parent of the family of the
hollow closed-cage all-carbon molecules named fullerenes) in 1985 marked the
beginning of the modern era of carbon chemistry, physics and materials science
research [1]. This was subsequently followed by the discovery of other novel forms
of carbon such as carbon nanotubes [2] and graphene [3], equally exciting on their
own accord. The development of fullerene research was addressed in volume 109 of
the Structure and Bonding series published in 2004. This volume included contri-
butions from both theorists and experimentalists and highlighted many of the
interdisciplinary issues — ranging from the appearance of key physical properties
such as superconductivity and ferromagnetism to promise for future applications in
batteries, transistors, solar cells and sensors among others — then at the forefront of
fullerene research. In particular, the structural and electronic properties of fulleride
salts were specifically reviewed [4], with particular emphasis placed on the mem-
bers of this family of materials which become superconducting with remarkably
high transition temperatures, T, (up to 33 K for the RbCs,C¢y composition [5]).

Metallic behaviour and superconductivity were first discovered in potassium-
doped Cg films with Ceoo ™ charge in 1991 [6]. This was followed by the isolation
of bulk alkali fulleride salts with stoichiometries K5;Cgy and Rbs;Cgq and T, of
19 and 29 K, respectively [7-9]. The superconducting compositions adopted
expanded fcc structures, in which the three cations occupy the available octahedral
and tetrahedral interstitial sites in the fcc structure of solid Cg( (Fig. 1a) [10]. Charge
transfer between the alkali metals and the Cgy molecules is essentially complete,
and the conduction band of Cg, which arises from its lowest unoccupied molecular
orbital (LUMO) of ¢;, symmetry, is half filled (Fig. 1b). Changing the size of the
alkali dopants affects sensitively the superconducting properties of the materials
[11]. In the fcc structure of A3Cgp, there are octahedral (one per Cgp unit with a
radius of 2.06 A) and tetrahedral (two per Cgo unit with a radius of 1.12 A)
interstices, which are occupied by the alkali cations (Fig. 1a). The Cg,—Cg( distance
is directly controlled by the alkali metal ionic size. As the dopant size increases, the
interfullerene separation and fcc lattice constant increase, and 7, also increases
monotonically (Fig. 2a).

These experimental observations gave credence to models for the origin of
fulleride superconductivity based on conventional BCS electron—phonon coupling
mechanisms in which pair binding is dominated by intramolecular on-ball vibra-
tional modes [12]. In brief, as the interfullerene spacing increases, the overlap
between the fulleride units decreases, leading to a reduced bandwidth, W. As the
band filling across the A;Cgg series is precisely fixed at ', this results in an
increased density of states at the Fermi level, N(eg) (Fig. 1b), which in turn leads
to an increased T through the BCS-type relationship: T, o< (iwp,)exp[—1/N(ep)v].
Here Zwp, is the average intramolecular phonon energy, and v is the electron—
phonon coupling strength. Therefore the observed T, could be understood within a
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Fig. 1 Crystal and electronic structures for A;Cq (A=alkali metal). (a) Fcc unit cell (space group
Fm3m). Two orientations related by 90° rotation about 100 exist in a disordered manner — only
one of these is shown at each site for clarity. The A* ions are depicted as red and green spheres to
signify symmetry inequivalent positions in the unit cell — octahedral and tetrahedral sites,
respectively. (b) Molecular orbital energy scheme for the Ceo°~ anion and the corresponding
valence and conduction bands for solid A3Ceo. (¢) A15 unit cell (space group Pm3n) based on bce
anion packing. One unique orientation of the Ceo>~ anions is present. The lower density of the
body-centred packing offers more spacious sites for the A" cations with four fulleride neighbours
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pressures. The dashed line is the 7.—a relationship expected from BCS theory using N(eg) values
obtained by LDA calculations. (b) Schematic electronic phase diagram of A;Cg( fullerides, T,
vs. V (volume occupied per fulleride anion), until the discovery of Cs;Cgg in 2008

BCS-like phenomenology, in terms of (1) a high-average phonon frequency, wy,
(of comparable magnitude to the Fermi energy), resulting from the light carbon
mass and the large force constants associated with the intramolecular modes; (2) a
moderately large electron—phonon coupling constant, v, with contributions from
both radial and tangential Cgq vibrational modes; and (3) a high N(eg) arising from
the weak intermolecular interactions and narrow t;, bandwidth. Therefore a
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consensus on the superconductivity mechanism as conventional phonon mediated
was rapidly established and was almost universally accepted. Purely electronic
models for pair binding [13], which were proposed very early after the discovery
of fulleride superconductivity, were essentially considered inappropriate.

2 A;Cgp Fullerides and Electron Correlations

Although a BCS-type approach nicely provided a convincing rationalisation of the
observed T, of A3Cg alkali fullerides and placed them near the top-performing
conventional phonon-mediated superconductors, there were some features of their
electronic structures which did not fit into the phenomenology developed. These
were related to the relative magnitude of the #,-derived conduction bandwidth, W,
and the on-site Coulomb repulsion, U. Estimates of U for the Cgy molecule are on
the order of 3 eV. This value is significantly reduced in the solid to ~1 eV [14]. At
the same time, the ¢, orbital degeneracy is retained in the solid fcc fullerides
because of the cubic symmetry, and typical values of W are on the order of 0.5 eV.
Therefore the ratio (U/W) is much larger than 1 for all A;Cgp, implying that, in
these systems, the gain in energy by delocalization of the outer electrons does not
exceed the cost of putting two electrons on the same lattice site. As a result, instead
of the experimentally observed metallicity and superconductivity, fcc A3Cgo should
have been Mott—Hubbard insulators as the #, conduction band should split into
two, a lower Hubbard sub-band which is fully occupied and an upper Hubbard
sub-band which is empty.

The observed metallic behaviour of A;Cg was accounted for theoretically by
considering the triple orbital degeneracy of the LUMO states that survives in the
solid state. It was shown that as a result of the additional possible hopping channels
available to the carriers because of the orbital degeneracy compared to standard
nondegenerate situations, the boundary of the metal to Mott—Hubbard insulator
transition as monitored by the (U/W) ratio shifts to values higher than 1 — the
critical value, (U/W)., scales roughly with the square root of the degeneracy
[15]. These considerations naturally account for the stabilisation of the metallic
state of A3Cgp in terms of the retention of the ¢, orbital degeneracy despite the
extreme narrowing of the conduction band. They also introduce a new ingredient,
namely, that of the enhanced electron correlations beyond the standard BCS-like
phenomenology, and raise the issue of what the role of the correlations is in the
superconductivity mechanism and in the determination of the electronic properties
in the normal and superconducting states [16]. Moreover, in the special case of
fce-structured A3Cgp, there is the extra ingredient of geometric frustration —
intrinsic to fcc packing — for the development of antiferromagnetic order. It can
be shown that this sustains the highly correlated metallic state to even smaller
electronic bandwidths [15], raising (U/W). compared to bipartite topologies to the
even higher value of ~2.3 (Fig. 3, [17]). Many early accounts of the electronic and
superconducting properties of intercalated alkali fullerides exist as a function of
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Ty=22K T, =40K T, = 46K

Fig. 3 Packing arrangements of Ceo>~ anions in antiferromagnetic fullerides [17]. (a) Fcc lattice
variant of A;Cg. If the spin orientation of two anions (blue and red spheres) is specified, the
remaining two (green) are left frustrated. (b) Fco lattice of (NH3)A3Cgo. Spin frustration is
suppressed due to the structural distortion and all spin orientations can be uniquely determined.
(c) A15 lattice variant of A3Cg. If the spin orientation of the central anion is defined, those of the
remaining eight anions are automatically determined

interfullerene separation, orientational order/disorder, valence state, band filling,
orbital degeneracy, low-symmetry distortions and metal-Cg interactions [18-26].

3 Lattice Expansion and Symmetry Lowering

An important issue arising from the correlation between T, and interfullerene
separation or (U/W), depicted in Fig. 2, is the availability of new materials with
large lattice parameters. In principle, this may allow one to address the question of
how high a T, can be experimentally achieved in the fullerides before a transition to
a Mott insulating state due to the accompanying band narrowing eventually leads to
electron localization. In comparison with the electronic phase diagrams of other
families of superconducting materials such as the high-T,. cuprates [27], the Fe
pnictides/chalcogenides [28], the heavy fermions [29] and the organic supercon-
ductors [30], Fig. 2b indicates that there is a vast area of the alkali metal-Cg, phase
field, which has remained chemically and physically unexplored.

The way this issue was originally addressed experimentally was to attempt to
access expanded fulleride structures by introducing large structural spacers com-
prising alkali ions solvated with neutral molecules, such as ammonia and methyl-
amine, into the interstitial sites of the fullerene structure. As W depends sensitively
on the interfullerene separation and U is a molecular quantity and does not vary
across the A;Cqq series, (U/W) should increase markedly as the lattice constant of
the expanded fulleride structures increases. This strategy successfully led to the
isolation of non-superconducting compositions such as (NH3)K3Cg¢ [31, 32] and
(CH;3NH,)K3Cq0 [33] with interfullerene separations significantly exceeding those
of the RbCs,Cg superconductor (Fig. 4). However, this also resulted in the
reduction of the crystal symmetry from cubic to orthorhombic. This lifts the
degeneracy of the t;, orbitals, and the experimentally observed suppression of
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superconductivity can be traced to the decrease of the critical value of (U/W) for the
transition to the Mott insulating state. Nonetheless the electronic ground states of
these expanded fullerides were authenticated as those of S =2 LRO AFM insula-
tors bordering the metallic and superconducting phases (Fig. 4) [34-36]. This
provided for the first time the hint of an intriguing commonality with the phenom-
enology in organic and high-T, superconductors, namely, the proximity of the
superconductivity to a magnetic insulating state.

4 Lattice Expansion with Retention of Cubic Symmetry

Despite the insight provided by the expanded ammoniated/aminated alkali
fullerides through the suppression of the metallic state and the emergence of
AFM insulators at large interfullerene separations [37], there was no definitive
experimental evidence for a non-BCS origin for superconductivity in fullerides,
where correlation would play a role. The origin of the metal—insulator transition
could not be necessarily traced to bandwidth control but could be associated with
the symmetry lowering, which lifted the orbital degeneracy. Therefore what has
been still missing since 1992 at this stage was an ideal material in which the MIT
could be traversed in a purely electronic manner without the complications of
structural transitions (Fig. 4). This necessitated that the cubic site symmetry
required for orbital degeneracy to survive in all competing electronic states is
maintained across the transition. Such a material was finally discovered in 2008
in the form of the Al5-structured polymorph of the most expanded, yet binary,
cubic fulleride, Cs3Cqq (Fig. 1c) [38].
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4.1 Al5-Structured Cs3Cg

Although Cs;Cgg had been a key target composition since the discovery of super-
conductivity in alkali fullerides, it remained elusive despite numerous attempts to
synthesise it by many groups worldwide. The large mismatch between the ionic
radius of the large Cs* ion and the small size of the tetrahedral interstice in the
fulleride fcc structure renders Cs;Cg thermodynamically unstable towards dispro-
portionation into the stable CsCgy and Cs4Cgp phases. Indeed there were assertions
in the literature that fcc Cs;Cgp is a nonexistent phase and cannot be formed
whatever the method of preparation. Trace superconductivity (shielding fraction
<<0.1%) at 40 K under pressure was reported in multiphase samples with nominal
composition Cs;Cgq in 1995. These were prepared by a low-temperature ammonia
solution route, followed by heat treatment of the ammoniated precursors [39]. How-
ever, these results remained unconfirmed, and the identity, composition and struc-
ture of the putative high-T, superconducting phase remained unidentified.

Access to nearly phase-pure samples of the Cs3;Cg fulleride was achieved by
employing a variant of the previously used solution-based routes to alkali fulleride
salts. The major difference lied in the use of methylamine as the solvent used to
access the nano-sized methylaminated precursor, (CH3NH,),Cs3Cgo [38]. Con-
trolled desolvation of the precursor by mild heating afforded the isolation of a
polymorph of Cs;Cgg with the bcc-based AlS5 structure (Fig. 1c). The
hyperexpanded A15 structure is less dense and incorporates larger distorted tetra-
hedral interstices than the fcc structural analogue (ra15(Tq) = 1.46 A vs. reo(Tq) =
1.12 A) rendering their occupation by the Cs* ion less unfavourable. Investigation
of its electronic properties reveals that unlike the other A;Cg( fullerides, it is not
superconducting at ambient pressure. Application of moderate hydrostatic pressure
leads to the emergence of bulk superconductivity without any accompanying
crystal structure change (Fig. 5). As the applied pressure increases, 7. increases
until it reaches a broad maximum at ~7 kbar and then continues to decrease upon
further pressurisation. The maximum 7, at 38 K is the highest observed in a bulk
molecular material [38]. These results provided the first example of a
superconducting Cgo°~ fulleride with non-fcc sphere packing. Very importantly,
they marked the beginning of the transformation of the entire field of fullerene
superconductivity as they revealed for the first time the existence of a key com-
monality with other unconventional superconductors — the presence of a
conduction-bandwidth-controlled superconductivity dome in their electronic
phase diagram (Fig. 6, Fig. 7a). DFT calculations in the absence of electron
correlations find a smooth evolution of N(eg) and W throughout the region of the
phase diagram where the V dependence of T, changes sign [40]. This suggests that
superconducting pairing in fullerides, at least near the MIT, is more complex than
BCS-like electron—phonon coupling.

These were followed by the observation that the parent state of the A15 Cs;Cgo
superconductor is an antiferromagnetic (S = 5) insulator with a Néel temperature,
Ty of 46 K [41]. The AFM insulator-to-superconductor (SC) transition is purely
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Fig. 5 Superconductivity under pressure in A15-structured Cs;Cgg [38]. Temperature dependence
of the magnetization, M (ZFC, 20 Qe), at selected pressures. The inset shows an expanded view of
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Fig. 6 Electronic phase diagram of A15 Cs3Cgq [41] showing the evolution of the Néel temper-
ature, Ty (squares) and T, (circles), and thus the isosymmetric transition from the ambient-
pressure AFM-insulating state to the high-pressure superconducting state with change in pressure

electronically driven without any crystal structure change by pressure and in the
absence of any positional, chemical or orientational disorder. It is of first order as
evidenced by the coexistence of the two competing electronic states over a finite



128 Y. Takabayashi and K. Prassides

(@) (b)

T T
T 2008 t 2009
2 Tn
ol
&
Te E Ik
<
=
- - Py
Superconductivity = /% Superconductivity
Z

— -~V
(c)
CeRhing
4‘ aa,
| B
2’| ,
L)
= | Antiferromagnet 4
5L y-"um
‘ .
1 |_ Superconductivity
0ol | |
0 1 2 3 4

Pressure (GPa)

Fig. 7 (a, b) Schematic electronic phase diagrams of A15 Cs;Cg following (a) the first obser-
vation of a superconductivity dome in fullerides in 2008 [38] and (b) the first evidence that
superconductivity emerges out of an isosymmetric LRO AFM insulator in 2009 [41]. (¢) Phase
diagram of the heavy fermion superconductor, CeRhlIns as a function of applied pressure [29]

pressure range (Fig. 6), and antiferromagnetism is transformed into superconduc-
tivity solely by changing an electronic parameter: the extent of overlap between the
outer wave functions of the constituent anions [41]. Thus, unlike in the less
expanded systems with smaller alkali metals, the electron correlation effects
represented by U dominate despite the retained orbital degeneracy in the cubic
symmetry of Al5 Cs;Cgo, providing the first direct evidence that correlation
directly competes with superconductivity in cubic A3;Cg materials. Therefore the
fullerides should be considered as correlated electron systems controlled by Mott—
Hubbard physics in the region corresponding to the highest T... Theoretical models
of the fullerides beyond conventional BCS theory which treated electron correlation
effects and electron—phonon coupling on an equal footing predicted correlation
enhancement of superconductivity near the MIT and provided significant steps
forward in understanding the parent-insulating and correlated high-T.
superconducting states [42—46].
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4.2 Fcc-Structured Cs3Cg

Access to nearly phase-pure samples of the long-sought second polymorph of
Cs3Cgp — fecc Cs3Cqg — isostructural with all the other superconducting A;Cg fcc
fullerides was then achieved [47] by developing an alternative multistep
low-temperature synthesis to that which afforded A15 Cs;C¢. This new synthetic
protocol first included reaction between stoichiometric amounts of Cs and Cg in
liquid ammonia, followed by removal of ammonia under vacuum and controlled
thermal treatment. Formation of other competing fulleride was then further
minimised by exposure of the intermediate to methylamine vapour, followed by
additional thermal treatment at high temperature. The most expanded fcc-structured
Cs3Cgp fulleride mimics the electronic response of the A15 Cs3Cg polymorph. It is
not a superconductor [47, 48] but an AFM (S = !2) insulator at ambient pressure and
becomes superconducting without any structural change under pressure (Fig. 8a)
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Fig. 8 (a, b) Schematic electronic phase diagrams of fcc A3Cgo showing (a) the existence of a
LRO AFM insulator bordering the superconductivity dome as discovered in 2010 [47] and (b) the
presence of a central JT metallic state bordering both the MJT insulating and Fermi liquid states
and capping the unconventional part of the superconductivity dome found experimentally in 2015
[54]. (¢) Schematic phase diagram of the high-T, superconducting cuprates as a function of hole
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Fig. 9 (a) Superconducting transition temperature, 7., as a function of volume occupied per
fulleride anion, V, at low temperature for the fcc (grey line) and Al5 (bcc packing, blue line)
A3Cqp fullerides [47]. (b) Normalised superconducting transition temperature, 7./T.(max), as a
function of V divided by the critical value V. required to produce localization in the A;Cgq fulleride
structures with fcc- and bec-sphere packings

[47]. Tt therefore allowed us to investigate for the first time the role of electron
correlations and the competition of the AFM and superconducting states in two
high-symmetry lattice packings at the same doping level.

The different lattice packings of Cg>~ change the maximum attainable T from
38 Kin A15 Cs3Cg to 35 K in fcc Cs3Cg (the highest found in the fcc A3Cgp family
of materials). Superconductivity emerges out of the insulating state in the fcc phase
at a critical value of the packing density, V. =786.0 A*/C¢o>~, smaller than that
for A15 Cs;Cep (at 796.6 A*/Cg°") (Fig. 9a). The maximum in T, also occurs
for a denser packing arrangement (V.x=759.6 A%/Cgy*7) than that in the
Al5-structured analogues (at 770.9 A3/Cs0>"). However, T, scales identically
with packing density for both polymorphs when it is normalised to the critical
packing density, V., of each polymorph at the MIT. The maximum T in both cases
occurs when (V/V.) ~0.967 and normalisation to the maximum 7 in each family
maps all of the known A15 and fcc Cgo’~ superconductors onto a single-packing-
independent universal curve (Fig. 9b), suggesting that the same pair binding
mechanism, which is controlled by proximity to the MIT, is operational in both
cases [47]. On the other hand, the magnetism is controlled by the lattice packing —
the fcc polymorph is geometrically frustrated (Fig. 3a) — and thus the onset of AFM
order is suppressed by more than one order of magnitude from 46 K in the bipartite
bce-packed Al15 structure (Fig. 3c) to 2.2 K in the fcc structure. The anion
orientational disorder in the fcc case quenches the frustration and allows access
to an inhomogeneous highly disordered magnetic state at low temperature as
revealed by pSR [47] and also confirmed by specific heat measurements [49].

The two superconducting polymorphs of Cs;Cg( have shown that the same elec-
tronically active unit (C6037) can be packed in distinct arrays, in contrast to the atom-
based correlated systems such as the cuprates where the packing of the electronically
active ions is essentially identical (two-dimensional square) in all known
superconducting families. This has allowed the identification of structure-independent
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factors controlling the electronic behaviour which are associated with the electronic
structure of the molecule itself.

4.3 Jahn-Teller Distortion of Cso’ in Cs3Cqp

Approaching the electronic properties of Cs3Cg from the molecular side, the Cep>
ions are potentially unstable towards JT deformations since the three electrons in
the ¢, molecular orbitals (Fig. 1b), whose threefold degeneracy is preserved in the
solid state because of the high lattice (cubic) symmetry, can couple to the eight H,
vibrations of the molecular units. As the JT-active vibrations are the ones which
mediate the electron—phonon coupling, they are intrinsically relevant to the study of
the competing insulating and metallic/superconducting states [43]. The JT effect
(static or dynamic) grows in importance when charges are localised on the Ceo>™
units, thereby making expanded fullerides, such as the two polymorphs of Cs;Cg,
excellent systems to pursue the investigation of the interplay between the molecular
JT effect and Mott electron localization. Indeed indirect evidence of the relevance
of the JT effect in Mott insulating Cs3Cgo is provided by the observation of a
low-spin S = 2 ground state [41, 47] despite the retention of cubic symmetry which
should have favoured a high-spin S = 3/2 state for the Cqy>~ anion (Fig. 10a).
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Fig. 10 Molecular orbitals of Cgy’~ for (a) undistorted I, symmetry with an unsplit triply
degenerate ¢, LUMO and (b) JT-distorted D,;, symmetry with threefold splitting (b, b, and
b3,) of the LUMO. ‘Inverted Hund’s rule coupling’ leads to a low-spin (S ="'%) state and the
splitting of vibrational bands. (¢) IR spectra of insulating A15 and fcc Cs;Cgq at 28 and 300 K. The
spectra of insulating Cgo and metallic K3Cg at 300 K are also shown for comparison [50]
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This purely molecular aspect of the Cgo’~ superconductivity story was first
explored experimentally by employing infrared spectroscopy, which can detect
subtle changes in the shape of the Cg> ion due to the JT distortion [50]. The
temperature dependence of the IR spectra in the insulating phases of both fcc and
A15 Cs3Cqp polymorphs (Fig. 10c) can be explained by the gradual transformation
from two temperature-dependent solid-state conformers to a single one, typical for
JT systems. The JT effect is dynamic, but the distortion is seen as static on the
timescale (10711 s) of the IR measurements. This implies that the interconversion
rate between JT conformers is less than 10'" s~'. Complementary low-temperature
magic-angle-spinning '*C and '**Cs NMR experiments [51] on the fcc Cs3Cep
polymorph have set a lower limit of 10° s~' for this interconversion rate. These
experiments are consistent with the freezing out of the Cq>~ JT dynamics at low
temperature and the development of a ¢, electronic orbital glass state in fcc Cs3Cgg
guided by the merohedral disorder of the fcc structure.

A simple interpretation of the experimental findings to date is that the Coulomb
exchange energy, Jy, which favours the highest total spin and orbital angular
momentum (Hund’s rule) is smaller than the JT interaction, Jyr, caused by coupling
of the electrons to symmetry-lowering molecular vibrations [43]. This leads to a
physical regime of an ‘inverted Hund’s rule coupling’ and accounts for the occur-
rence of a low-spin state according to the JT effect (Fig. 10b). Therefore the JT
effect appears strong enough to overcome Hund’s rule to enforce a low-spin state,
but at the same time it is not strong enough to break the global cubic symmetry,
notwithstanding the merohedral disorder of the fcc phase. Both Cs3;Cg polymorphs
can be then classified as magnetic MJT insulators with the on-molecule dynamic
distortion creating the S="'2 ground state which produces the magnetism from
which the superconductivity emerges.

A prevailing feature of the theoretical literature on correlated fulleride super-
conductivity [16, 42—46] has been the necessity to implicate the (dynamic) JT effect
in order to account for the robust experimental finding of a low-spin electronic
ground state in the Mott insulating precursor state of the superconductors. This rests
on the assumption that electron—electron interactions per se always favour the high-
spin electronic configuration. It is therefore intriguing that recent theoretical cal-
culations [52] of the t—J model of short-range repulsions on a Cgy molecule show
that Hund’s first rule is violated without the necessity of electron—phonon interac-
tions (dynamic Jahn-Teller effect). Moreover, for an average of three electrons per
molecule (Cgo> ), an effective attraction (pair binding) occurs making it favourable
to place four electrons on one molecule (Ceo*™) and two on a second (Cgo> ") rather
than putting three on each. A dominantly electronic mechanism of superconduc-
tivity in the fullerides is therefore possible and not precluded by the currently
available experimental findings.
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4.4 Traversing the Superconductivity Dome in fcc
RbXCS3_XC60

Understanding unconventional superconductivity and identifying the interactions
which are important in the superconducting pair binding mechanism go beyond the
study of the parent-insulating and superconducting states and crucially rest on their
interrelationship with the normal metallic state above T.. Such an approach has
recently dictated the physics of the high-T, cuprate superconductors with special
focus on the ‘bad metal’ phase which dominates the phase diagram at temperatures
well above T.. Various forms of electronic order, including charge- and spin-
density wave orders and nematic charge order are found to coexist in this part of
the phase diagram and are inextricably intertwined with high-T,. superconductivity
(Fig. 8c) [53]. Although the electronic phase diagram adopted by molecular super-
conductors such as both polymorphs of the cubic alkali fulleride, Cs3Cgg [38, 41,
47, 48], which are continuously tunable by pressure control of the bandwidth W via
outer wave function overlap of the constituent molecules resembles those of
unconventional superconductors, there has been little attempt to probe the normal
metallic state above T, in the fullerides especially close to the MJT insulator
boundary.

The Mott metal—insulator transition has been traversed up to now by applying
moderate physical pressure to the AFM parent Cs;Cgq insulators. However, substi-
tution of the smaller Rb* for the Cs* cation in Cs3;Cgq to afford the family of
materials with composition, Rb,Cs;_,Cgo (0 <x < 3), mimics the effect of physical
pressure and shifts the transition to ambient pressure [54]. This permits the use of a
variety of techniques to probe the electronic and crystal structure changes associ-
ated with the transition in a way that is not possible for Cs3;Cgy where high pressures
are needed. The electronic states of the trivalent molecular fullerides can be tracked
with temperature at ambient pressure as the Cgy packing density, V, varies across
the full range of Rb,Cs;_,Cgo compositions, allowing quasi-continuous access to the
entire bandwidth-controlled phase diagram (Figs. 8b and 11) [54]. This extends
from a strongly correlated AFM MJT insulator (Cs3Cgp) to a conventional metal
(Rb3Cep).

Contraction of the x=0 MIT insulator first destroys the Mott insulator and
yields an unconventional metal in which correlations sufficiently slow carrier
hopping to allow the molecular JT distortions to survive; the local heterogeneities
then gradually disappear with recovery of conventional metallic behaviour. The
states at the two extremes of the phase diagram (Fig. 11) are thus straddled by an
intermediate metallic phase where short-range quasi-localised electron behaviour
associated with the intramolecular JT effect coexists with metallicity. This new
state of matter, which was termed a JT metal [54], is characterised by both
molecular (dynamically JT-distorted Ceo>~ ions) and free-carrier (electronic con-
tinuum) features as revealed by IR spectroscopy (Fig. 12). The JT metal exhibits a
strongly enhanced spin susceptibility relative to that of a conventional Fermi liquid,
characteristic of the importance of strong electron correlations. Finally there is a
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Fig. 12 Change in electronic state of the fulleride solids with change in volume per Cg
[54]. Schematic depictions of the JT molecular distortion of the fullerene units in the MJT insulator
(blue molecules) and the JT metal (yellow molecules), their respective molecular electronic
structure (lifting of the orbital degeneracy due to the distortion) and the resulting intermolecular
hopping of the electrons (prohibited in the insulator, weak hopping in the JT metal). This situation
contrasts with the behaviour of the conventional metal where hopping is allowed, the orbital
degeneracy is retained and the molecules are undistorted (green molecules)

crossover from the JT metal to a conventional Fermi liquid upon moving from the
Mott boundary towards the underexpanded regime with the distortion arising from
JT effect disappearing and the electron mean-free path extending to more than a few
intermolecular distances.

The boundary with the JT metal directly affects superconductivity: the (multi-
band single-gap) s-wave fulleride superconductors forming from the
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underexpanded conventional metals where effects of the JT metal are minimal
display ratios of superconducting gaps to T., 2A¢/kgT,, characteristic of weak-
coupling BCS superconductors (i.e. ~3.52); on the other hand, although s-wave
symmetry is retained, the coupling strength is anomalously large, with this ratio
approaching and exceeding 5, for the optimally and overexpanded superconductors
emerging from JT metals upon cooling (Fig. 13) [54]. Moreover, the
superconducting gap does not correlate with 7, in the overexpanded regime,
where molecular features play a dominant role in producing the unconventional
superconductivity. In contrast to the dome-shaped dependence of 7. on packing
density, V, the gap increases monotonically with interfullerene separation. Notably,
the maximum 7, occurs at the crossover between the two types of gap behaviour.
Such a picture is also encountered as the gap magnitude varies with V upon the
application of external pressure for both Cs;Cg polymorphs [55, 56] but contrasts
sharply with the situation established in the (single-band single-gap d-wave)
cuprates and (multi-band multi-gap s-wave) iron pnictides. In the both the latter
families, the gap magnitudes generally first increase with doping in the underdoped
regime, varying in a similar manner to T, but then they soon reach a maximum and
remain at the same size for larger doping levels [57, 58].

5 Conclusions

Understanding how electron—electron interactions are controlled near the metal—
insulator crossover region is of generic significance for all strongly correlated
systems, and, in this regard, the study of hyperexpanded Cs;Cgg in which fulleride
frontier orbital degeneracy and geometrical frustration may be pressure tuned to
access insulating, metallic and superconducting states is of paramount importance.
Contrary to long-held beliefs, the fullerides emerged as simple members of the
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unconventional superconductivity family, i.e. the pairing interaction is something
other than simply the conventional BCS electron—phonon interaction. This was
demonstrated by showing that in Cs3Cg, superconductivity emerges upon applied
pressure out of an AFM Mott insulating state and displays an unconventional
behaviour — a superconductivity dome — explicable by the prominent role of strong
electron correlations. The parent-insulating state involves JT distortion of the anion,
driven by coupling of the localised f,,’ electrons to intramolecular phonons,
implying a controlling role for the molecular electronic structure. The
on-molecule distortion is dynamic and may be responsible in creating the S ="
ground state which produces the magnetism and from which superconductivity
emerges.

However, although the similarities with the electronic phase diagrams of high-T .
superconductors such as the cuprates are striking, there existed no information on
the metallic state out of which both the insulator and superconductor emerge. The
relation of this parent state to both the pairing mechanism and the proximate
antiferromagnetic insulator is at the heart of any attempt to understand high-
temperature unconventional superconductivity and has been feverishly pursued
for decades in the cuprates. The high symmetry and structural simplicity of the
fullerides are here advantageous in pursuing a direct connection from (molecular)
building unit to extended structure properties. The critical synthetic advance
achieved was the identification of a new family of fullerides (Rb,Cs;_,Cgo) that
allowed one to traverse the Mott metal-insulator transition at ambient pressure, thus
enabling the deployment of a panoply of techniques to probe the electronic and
crystal structure changes associated with this transition. This led to the discovery of
an anomalous correlated metallic phase — the Jahn—Teller metal — which domi-
nates the phase diagram at temperatures well above T, and is the normal state at the
maximum in 7., where the superconducting pairing crosses over from conventional
weak coupling to unconventional strong coupling. The JT metal is a dynamic,
microscopically heterogeneous coexistence of itinerant metallic electrons with
localised electrons, which produce JT on-molecule distortions. This electronic
state is the parent of an unconventional strongly coupled superconductor and
fades away into a conventional Fermi liquid metal and weak-coupling BCS super-
conductor when the molecular signatures disappear with lattice contraction. The
optimal T in the fullerides — highest for any molecular material — associated with a
strongly coupled (or extremely stable) Cooper pair is found at the boundary
between unconventional and conventional behaviours, where the balance between
molecular (JT distortion) and extended lattice (itinerant electrons) features of the
electronic structure is optimised.
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Synthetic Bioinorganic Chemistry:
Scorpionates Turn 50

Daniel Rabinovich

Abstract The coordination chemistry of scorpionates, anionic tripodal boron-
centered ligands that readily bind to virtually all main group, transition, and
f-block metals, has had a profound effect in the development of synthetic
bioinorganic chemistry during the past 50 years. Highlighted in this article are
some of the most meaningful results published in the area, primarily in the prep-
aration of structural and functional model compounds for the active sites in
metalloproteins and metalloenzymes, a theme that encompasses topics as diverse
as nitrogen fixation and heavy metal poisoning. It has also been 50 years since the
genesis of Structure and Bonding, so let this account also be a celebration of the
many contributions that the staunch serial has had on the entire field of inorganic
chemistry during the past half century.
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1 Introduction

1.1 Early Days of Bioinorganic Chemistry

In 1966, when the publication of the Structure and Bonding started, the field of
bioinorganic chemistry was in its early stages of development. Only 2 years earlier
Dorothy Crowfoot Hodgkin (1910-1994) had received the Nobel Prize in Chemis-
try “for her determinations by X-ray techniques of the structures of important
biochemical substances,” including that of vitamin B, [1], and it was also only a
few months after Barnett Rosenberg (1926—-2009) had published his seminal paper
on the anticancer properties of cisplatin [2]. Relatively little was known at the time
about the mechanism of biological nitrogen fixation, and the first dinitrogen com-
plex, [Ru(NH3)5(N2)]2+, had just been reported by Allen and Senoff [3]. Medicinal
inorganic chemistry was also in an embryonic state: the use of gadolinium com-
plexes as magnetic resonance imagining (MRI) agents [4-6] and the production of
technetium-99m radiopharmaceuticals [7, 8] were still more than a decade away.
Interestingly, the term “bioinorganic” wasn’t even in the public domain back then,
although things were bound to change dramatically within a few years!

A recent search of Chemical Abstracts revealed that the first documented use of
the term “bioinorganic” was at an international symposium held at Virginia Tech
(in Blacksburg, Virginia, USA) on 22-25 June 1970 (Fig. 1). The event showcased
the state of the art in the field and led to the publication of a volume entitled
Bioinorganic Chemistry in the Advances in Chemistry Series published by the
American Chemical Society [9]. The book’s 19 chapters included insightful
reviews on nitrogen fixation [10, 11] and cobalamin chemistry [10], the uptake of
oxygen by cobalt(I) complexes [12], the structure and function of metalloenzymes
[13], and structural models for iron and copper proteins [14]. In a similar vein, the
first peer-reviewed publication to mention the word “bioinorganic” appears to be a
1972 paper by Rayner-Canham and Lever describing simple models of iron sites in
important biological systems such as hemes, rubredoxin, and ferredoxins
[15]. Bioinorganic chemistry as a discipline was maturing at an accelerated pace,
and the first few monographs on the subject appeared during the 1970s [16],
including a couple with the word bioinorganic in their titles [17, 18].

1.2 Synthetic Bioinorganic Chemistry

The design and synthesis of small molecules is at the core of many areas of interest
in bioinorganic chemistry, from the preparation of chelating agents for metal ion
sensors and the diagnostic or treatment of diseases to the generation of model
compounds for the active sites in metal-containing proteins and enzymes. Indeed,
the synthesis and investigation of coordination complexes that mimic the structure
and function of metallobiomolecules is currently one of the most active areas of



142 D. Rabinovich

450

400
350
300
250 1
200
150
100 1
50 I

| |

% ol - -

O
.o

o N o & \d el o
o ,\OP ’3% \c;\ ,\o;\ \O"b £ A

£ £
FF S S

Fig. 1 Results of a search for the term “bioinorganic” in Chemical Abstracts (1950-2014) using
the SciFinder Scholar search engine

research in bioinorganic chemistry. The synthetic analogue approach, outlined by
Holm some 40 years ago [19], is still today a valuable and effective strategy to
investigate the active sites of biological systems that rely on the use of metal ions as
prosthetic groups. In essence, the method involves the preparation of low molecular
weight metal complexes whose structures, spectroscopic properties, and reactivity
closely match those of the actual biological sites of interest. In this regard, the
distinction between corroborative and speculative model compounds synthesized
to verify or predict the nature of the metal centers in metallobiomolecules, origi-
nally expounded by Hill [20], was subsequently refined by Ibers, Holm, and others
[21-23].

1.3 Scorpionate Ligands

Trofimenko’s tris(pyrazolyl)borates (Fig. 2), which are also celebrating in 2016
their 50th anniversary [24], are among the most versatile and pervasive ancillary
ligands used in inorganic, bioinorganic, and organometallic chemistry. More than
200 different TpRR/ ligands have been synthesized to date, and coordination com-
plexes thereof have been prepared for almost every metal and metalloid in the
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Fig. 3 Tris(imidazolyl)borate, tris(triazolyl)borate, and tris(oxazolinyl)borate ligands

periodic table [25-27]. Their widespread use likely stems from the ease with which
they can be usually prepared and how their steric and electronic effects can be
altered simply by changing the number and nature of the substituents on the
pyrazolyl rings or the boron atom [28-30].

Structural variations on the TpRR/ theme have been readily implemented by
incorporating nitrogen donor groups other than pyrazole in the assembly of the
borate ligands. For example, the syntheses and reactivity of tris(azolyl)borate
ligands derived from imidazole [31], oxazolines [32], and triazoles [33] have
been reported (Fig. 3). In addition, related ligands based on carbene [34, 35],
phosphine [36, 37], thioether [38], thione [39—41], and selone [39] donor moieties
have been studied during the past 20 years or so and will be discussed in more detail
below (Fig. 4).

This article will highlight certain facets of the bioinorganic chemistry of proto-
typical scorpionate ligands, i.e., those that are boron centered, anionic, and tridentate
and exhibit threefold symmetry (C; or C3,) when bound to a metal center. Thus,
largely excluded from the discussion below are bidentate and tetradentate ligands
(i.e., heteroscorpionates). Likewise, metal complexes of tris(pyrazolyl)aluminates
[42] and those derived from neutral analogues of scorpionates centered on carbon
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Fig. 4 Scorpionate ligands derived from N-heterocyclic carbene (NHC), tertiary phosphine,
thioether, N-heterocyclic thione (NHT), and N-heterocyclic selone (NHSe) donor groups

[i.e., tris(pyrazolyl)methanes] [43—45] or silicon [i.e., tris(pyrazolyl)silanes] [46]
will not be considered, even though such ligands (especially the former) have an
extensive coordination chemistry, including applications in bioinorganic chemistry.

2 Hard Scorpionates

2.1 Tris(pyrazolyl)borates

Tris(pyrazolyl)borates and, to a lesser degree, the closely related bis(pyrazolyl)
borate (BpRRl) ligands have played a pivotal role in the development of
bioinorganic chemistry during the past few decades, particularly in the area of
enzyme modeling. Every biologically relevant first-row transition metal has been
the subject of studies in which a TpRR/ ligand provided an N3 donor set resembling
the imidazolyl groups of three histidine residues. For example, vanadyl bis(pheno-
late) complexes of general formula (TpMez)VO(OAr)Z [47] have been synthesized
as potential models for the active site in bromoperoxidase, a vanadium(V)-
dependent enzyme that catalyzes the bromination of a variety of organic
substrates [48].

Molybdenum, the only second-row transition metal recognized as an essential
trace element in human nutrition [49], is present as a cofactor in most nitrogenases
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and in more than 50 different redox-active enzymes that contain a molybdopterin
unit and catalyze several hydroxylation and oxygen atom-transfer reactions
[50, 51]. Multiple studies have been conducted over the years whereby TpRR/
ligands are applied to model the molybdenum centers in sulfite oxidase, xanthine
oxidase/dehydrogenase, nitrate reductase, and dimethyl sulfoxide (DMSO) reduc-
tase enzymes [52-54]. In a similar vein, the active centers in tungsten-containing
enzymes such as aldehyde oxidoreductase and formate dehydrogenase [55, 56]
have been modeled using a variety of TpRRI complexes [52, 57], as exemplified by
an ene-1,2-dithiolate complex (Fig. 5) described by Young and coworkers [58].

The catalytic activity of manganese superoxide dismutase and other dinuclear
redox-active manganese enzymes [59-61] has been investigated using complexes
such as the benzoate derivative (TpiPr2)Mn(02CPh) [62]. Similarly, the formation
of a stable peroxomanganese(IIl) species derived from [(Tpipr2)Mn(p-O)]2, which
mimics certain aspects of the binding of molecular oxygen to the “distal” histidine
residue in hemoglobin/myoglobin, was reported a few years ago [63].

One of the earliest uses of scorpionate ligands in biomimetic chemistry involved
the synthesis of oxo-bridged diiron complexes of formula [TpFe],(p-O)(p-O,CR),
[64, 65] as synthetic models for hemerythrin, a nonheme oxygen-binding protein
present in several marine invertebrates [66]. Similarly, the cathecolato complex
(TpiP 2)Fe(0,CsH,Bu’,) (Fig. 6) was prepared as a structural and functional model
of catechol dehydrogenase, and its reactivity towards O, was investigated [67].
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Nonheme iron oxygenases [68] catalyze a variety of complex oxidation pro-
cesses such as the oxidative cleavage of carbon—carbon bonds and several
monohydroxylation and dihydroxylation reactions [69—73]. Mononuclear iron com-
plexes of a-ketocarboxylates and a-hydroxycarboxylates supported by various Tp
RR’ ligands [as well as tetradentate tris(pyridyl)amines] have been synthesized as
functional models for nonheme iron oxygenases that mediate the oxidative decar-
boxylation of such substrates in the presence of O, [74]. Significantly, mechanistic
studies suggest that iron(Ill)-superoxo and iron(IV)-oxo species are implicated as
key oxidants in these reactions.

A large number of copper scorpionate complexes have been prepared as model
compounds for the binding sites in proteins and enzymes involved in dioxygen
binding and activation (e.g., tyrosinase, hemocyanin, catechol oxidase, galactose
oxidase) as well as in blue copper proteins and copper nitrite reductase [75-78]. For
example, the use of sterically demanding Tp ligands bearing isopropyl or phenyl
substituents in the 3- and 5-positions has allowed the isolation of peroxo-bridged
dicopper complexes (Fig. 7) [79]. These complexes show remarkably similar
spectroscopic properties to oxyhemocyanin and oxytyrosinase and suggest that
dioxygen may bind in a side-on fashion in the enzymes.

The bulky “second-generation” TpRX ligands (R=Bu’, R’=H; R=R’=Ph) [80]
were also used by Tolman and coworkers to isolate the first examples of mononu-
clear copper nitrosyl complexes, (TpRR()Cu(NO) [81]. These complexes, formally
{CuNO}!! in the Enemark—Feltham notation [82], are attractive model compounds
for a proposed intermediate in the reduction of nitrite ions by copper nitrite
reductase enzymes [83, 84].

The bioinorganic chemistry of zinc has benefitted tremendously from the appli-
cation of scorpionate ligands to the preparation of synthetic analogues of zinc
enzymes, including carbonic anhydrase (CA), carboxypeptidase, thermolysin, alco-
hol dehydrogenase, and matrix metalloproteinases [85—88]. In particular, carbonic
anhydrase, one of the fastest enzymes known and the first one where the presence of
zinc was confirmed [89], catalyzes the reversible hydration of carbon dioxide and
therefore plays a key role in respiration and CO,/HCO; ™~ equilibration in biological
systems (Scheme 1). The tetrahedral zinc center is coordinated by the imidazole

Fig. 7 Structurally characterized peroxo-bridged dicopper complex
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Scheme 1 Catalytic cycle CA
for the hydration of CO, to COz + H,O ————= HCOz + H"
bicarbonate (modified from
87
o (His)Zn—OH [base] (His)sZn'—OH
is)sZn— > is)sZn—
8 2 — H[base]* s
—HCOg- H20 COZ

(His)sZn—0OCO,H

groups of three histidine (His) residues and a water molecule or (in the presence of
an external base) a hydroxide ion. Significantly, the isolation of the first monomeric
terminal zinc hydroxide complex, (Tp®*™*)ZnOH, was facilitated by the use of a
highly substituted tris(pyrazolyl)borate ligand [90]. Furthermore, the zinc hydrox-
ide complex reacts reversibly with CO, to generate a bicarbonate complex that has
been characterized by IR spectroscopy [91] and is effectively a functional model for
CA since it catalyzes the exchange of oxygen atoms between CO, and H,O.

2.2 Tris(triazolyl)borates

The tris(triazolyl)borates (thRRl), derivatives of 1,2,4-triazoles rather than
pyrazoles as the original TpRR, ligands, were also pioneered by Trofimenko
[92]. However, their chemistry remains underdeveloped relative to the latter, both
in terms of ligand diversity and reactivity studies [33, 93]. The two salient proper-
ties of Ttz®® ligands are a consequence of the presence of the additional nitrogen
atom in the 4-position, namely the possibility of binding additional metal ions
(leading to an increased tendency to form polymeric species) and an enhanced
solubility in water.

The first applications of TtzR¥ ligands to bioinorganic chemistry involved the
preparation of copper coordination polymers that possess some structural features
reminiscent of those of hemocyanin (i.e., binding of copper to three His residues)
[94]. A copper(I) complex that incorporates both the parent Ttz ligand (R=R'=H)
and a water-soluble phosphine, (Ttz)Cu{PPh,(p-CcH4,CO,H)}, exhibits moderate
superoxide scavenging activity [95]. The bulky Ttz"®"M¢ ligand has been used to
synthesize functional models for copper nitrite reductase, including mononuclear
five-coordinate nitrite and nitrate complexes (Fig. 8) that have been structurally
characterized [96].
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Fig. 8 Distorted square pyramidal (Ttz"B"Me)Cu(NO,) and distorted trigonal bipyramidal (Ttz
Bu.Mey 1y (NO5) complexes

(\N/But i BArgz,

N HoO (15 equiv)

/ Cp2Co (3 equiv)
Ph—Bii, N Fe= THE Fe(ll) complex + | NH3

\\ N~ Lot -78°C 89% yield

Scheme 2 Release of ammonia from an iron(V) nitrido complex

2.3 Tris(carbene)borates

The coordination chemistry of the tris(carbene)borates, first reported by Fehlhammer
in 1996 [34], was very limited [97] until Smith et al. described in 2005 an improved
synthetic route to analogous ligands bearing bulkier alkyl and aryl substituents
[98]. These ligands, like the ubiquitous N-heterocyclic carbenes (NHCs) [99, 100],
are primarily strong c-donors and only weak m-acceptors [101]. It has also been
estimated that, based on comparative studies using IR spectroscopy and cyclic
voltammetry, they are even more electron donating than most tertiary alkyl phos-
phines [35] and, as such, should have the ability to stabilize transition metals in high
oxidation states. Accordingly, Smith and coworkers have prepared a range of novel
transition metal nitride complexes [102], some of which may represent key interme-
diates in the catalytic cycle of the nitrogenase enzyme. Significantly, the iron
(IV) nitrido complex {PhB(MesIm);}FeN releases ammonia upon reaction with a
hydrogen-atom donor [103]. Subsequently, the same researchers isolated and struc-
turally characterized the remarkable cationic iron(V) nitrido complex [{PhB(‘Bulm);}
FeN]*, which also yields ammonia upon treatment with an excess of water under
reducing conditions at low temperature (Scheme 2) [104].
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3 Bioinorganic Chemistry of Soft Scorpionates

3.1 Tris(thioether)borates

The tetrakis(thioether)borate ligand [B(CH,SMe)4]™ and its first two coordination
compounds, the anionic molybdenum(0) derivative [{B(CH,;SMe),}Mo(CO);]™
and the homoleptic iron(II) complex Fe{B(CH,SMe),},, were described by
Riordan and coworkers in 1994 [105]. Two years later, the first tris(thioether)borate
(PhTt®) ligand (R=Me), explicitly designed as a more polarizable, soft version of
tris(pyrazolyl)borates, was reported together with its Fe(Il), Co(Il), and Ni
(IT) complexes [106]. In agreement with Pearson’s hard and soft acids and bases
(HSAB) principle [107], these ligands should have a good affinity for late transition
metals in low oxidation states. Hence, many interesting nickel(I) and copper
(I) complexes thereof have been isolated since then, including a tetranuclear
compound [Cu(PhTtMe)]4 [108] and pseudotetrahedral derivatives (PhTtR)Ni
(L) (R=Bu’, Ad; L=CO, PMej3) [109, 110].

In the context of bioinorganic chemistry, the zinc phenylthiolate complex (PhTt
ZnSPh [111] was synthesized and characterized by X-ray diffraction as a structural
model for the active site of the homocysteine-bound forms of methionine synthase
enzymes [112, 113]. In a similar vein, a couple of elegant heterodinuclear nickel—
copper complexes (Fig. 9) were prepared as synthetic analogues of the catalytic site of
acetyl coenzyme A synthase [114].

The activation of dioxygen using monovalent nickel has also been investigated
by Riordan et al., resulting in the generation and spectroscopic characterization of a
metastable bis-p-oxo dinickel(IIT) species (Fig. 10) in which the O, molecule has
been reduced by four electrons with the simultaneous cleavage of the O=0
bond [115].

B U)

Fig. 9 Structural model of the catalytic site of acetyl coenzyme A synthase (ACS)
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Bu' 'Bu
s o Bul
—B s Ni Nl—""'_S ~~B
%
Bu! 'Bu

Fig. 10 Dinuclear Ni(III) complex with a Niy(p-O), core

Fig. 11 Structurally characterized dinuclear iron(I) complex stabilized by a bulky tris(phosphino)
borate ligand

3.2 Tris(phosphino)borates

The anionic tris(phosphino)borates [PhB(CH,PR,);] ", originally reported in 1999
almost simultaneously by the research groups of Tilley [36] and Nocera [116], are
excellent o-donor ligands and weak m-acceptors that, like the tris(carbene)borates
described above, are well poised to stabilize transition metals in unusually high
oxidation states. Thus, a number of noteworthy complexes of iron that can be
regarded as putative intermediates in the process of nitrogen fixation have been
synthesized and studied by a variety of spectroscopic, structural, and computational
methods [117]. For example, the use of the sterically demanding [PhB(CHzPPriz)3]7
ligand has allowed the generation of a mononuclear terminal iron(IV) nitride
complex that readily converts to a dinitrogen-bridged diiron(I) species (Fig. 11)
[118, 119].

3.3 Tris(mercaptoimidazolyl)borates

The tris(mercaptoimidazolyl)borates (Tm®) constitute yet another class of soft
anionic borate-type ligands in which three mercaptoimidazolyl groups provide
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Fig. 12 Structural r Ph 7

+
representation of the / N~

complex cation present in

[Pb(Tm"™)]CI10, N

the sulfur donor moieties. Introduced by Reglinski in 1996 [120], they contain
thione (C=S) donor units which, as part of acyclic thioureas and a variety of
N-heterocyclic thiones (NHTs), have a well-established coordination chemistry
[121, 122]. An important difference between most scorpionates and Tm® ligands
is the size (and therefore shape) of the metallacycles that form upon coordination to
a metal center. Whereas coordinated TpRR/ typically forms B(-N-N-)>M
six-membered chelating rings in a boat conformation, Tm® usually generates
twisted B(-N—C—S—)* M eight-membered rings.

The coordination chemistry of Tm"® ligands has been reviewed [39—41] and
includes the preparation of synthetic analogues for the active sites in various known
sulfur-rich metalloenzymes [123]. For example, the first structurally characterized
zinc hydroxide complex supported by a tridentate sulfur ligand, (Tm"™)ZnOH, was
prepared as a structural model for the zinc-containing enzyme 5-aminolevulinate
dehydratase (ALAD) [124]. A couple of Tm™® complexes of molybdenum stoi-
chiometrically convert sulfite to sulfate and thereby serve as functional models for
sulfite oxidase [125, 126]. The unusual trigonal pyramidal cation [(TmP h)Pb]+
(Fig. 12) [127] was one of the key species that prompted a careful reevaluation of
lead(II) coordination preferences in sulfur-rich environments [128], a study aimed
at understanding the molecular basis of lead poisoning.

A fairly large number of Tm® complexes of zinc, e.g., (Tm®)ZnX (X=Cl, Br, I),
have been synthesized as straightforward starting materials for further reactivity
studies [129]. Zinc thiolate complexes such as (TmPh)Zn(SPh) [130] have been
prepared to model the reactivity of tetrahedral zinc in a sulfur-only environment
(i.e., [ZnS4]), which can be found in liver alcohol dehydrogenase (LADH),
farnesyltransferase, and methionine synthases [85-88, 131-133]. The Ada DNA
repair protein, which restores damaged DNA by abstracting a methyl group from a
methylated nucleic base residue or phosphate group and transfers it to one of its
own cysteine thiolate groups, also has a Zn(Cys)* core [134, 135]. In this regard, the
alkylation of well-defined zinc thiolate complexes has been studied by a number of
researchers, including Lippard [136, 137], Darensbourg [138], Vahrenkamp [139-
146], Parkin [130, 147-149], Riordan [111, 150], Carrano [151-154], Anders
[155, 156], and Ibrahim [157, 158]. There appears to be mounting evidence that
the methylation of zinc thiolates occurs by two distinct mechanisms: dissociative,
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in which a zinc-bound thiolate is released and then reacts with the electrophile, a
pathway taking place in anionic complexes such as [Zn(SPh)4]2_ [137], and
associative, in which the methylating agent directly attacks the thiolate ligand
still bound to the metal [112, 159, 160]. In related work, the methylation of
monothiolate complexes of cadmium and mercury, (Tm®)MSR (M=Cd, Hg), has
also been explored [129].

Mercury alkyl complexes (Tm™*)HgR (R=Me, Et) have also been investigated
by Melnick and Parkin, who observed the facile protolytic cleavage of the mercury—
carbon bonds using thiophenol (PhSH) as the Brgnsted acid [161]. These experi-
ments suggest that such reactivity may be facilitated by the sulfur-rich environment
surrounding the mercury ion in these complexes, an observation with potential
implications in the detoxification of organomercury compounds.

4 Conclusions and Outlook

Fifty years on, the chemistry of scorpionate ligands and complexes continues to
thrive, as are the range of applications they partake on. I do not know if anyone is
planning to write a “Scorpionates III” book, a logical extension to “Scorpionates II”
[26], but hundreds (if not more) of new relevant papers have appeared since the
publication of the latter. It still amazes me to read Trofimenko’s original 1966
communication [24], which had the rather short and unpretentious title “Boron-
Pyrazole Chemistry,” and see where the field stands today!

Given the popularity of Tm® ligands since their inception 20 years ago, it was
only a matter of time until their oxygen and selenium analogues would emerge.
Predictably, Parkin and coworkers have already reported the syntheses and initial
reactivity studies of the tris(oxoimidazolyl)borate (To®) [162] and tris
(selenoimidazolyl)borate (TseR) [163-165] ligand systems (Fig. 13) in 2006 and
2011, respectively. These ligands, particularly the oxygen donors, should be par-
ticularly useful for binding “hard” early transition metal and lanthanide ions.

Fig. 13 Tris(oxoimidazolyl)borate (To®) and tris(selenoimidazolyl)borate (Tse®) ligands



Synthetic Bioinorganic Chemistry: Scorpionates Turn 50 153

R Me

Fig. 14 The three basic types of Janus scorpionates reported to date

The synthesis and reactivity of ambidentate scorpionate ligands featuring both
hard (N) and soft (S) donor groups, the so-called Janus scorpionates (Fig. 14), is
another underdeveloped area of research that is bound to continue to grow in the
near future [166—172].

I'look forward to seeing what new developments arise in scorpionate chemistry
in the near future, and I hope that this overview of the topic in Structure and
Bonding serves as a source of inspiration for new generations of chemists willing to
make their own contributions to the field.
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Recent Advances in Phthalocyanine-Based
Functional Molecular Materials

Yongzhong Bian and Jianzhuang Jiang

Abstract In this chapter, we wish to review the recent progress in the application
of phthalocyanines as functional molecular materials including (1) semiconduct-
ing materials for organic photovoltaic cells and organic field effect transistors,
(2) functional organic dyes as photosensitizers for photodynamic therapy and
dye-sensitized solar cells, and (3) single-molecule magnets. The structure—function
relationship has been highlighted on the bases of selected examples since 2010,
which hopefully will be informative for the future developments of phthalocyanine
chemistry and related materials science.

Keywords Dye-sensitized solar cell (DSSC) - Organic field effect transistor
(OFET) - Organic photovoltaic cell (OPVC) - Photodynamic therapy (PDT) -
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1 Introduction

Phthalocyanines (Pc’s) are conjugated macrocyclic tetrapyrrole compounds of 18
n-electron aromaticity [1-3], which are analogous to naturally occurring porphyrins
(Por’s) [4]. The rigid coplanar structural features endow Pc’s with intriguing
physicochemical properties such as narrow and tunable molecular band gaps and
related photo- and electro-activities [5], versatile substitutions around the Pc ring
and strong coordination ability of the inner cavity [3], and highly thermal and
chemical stability as well. In addition to the traditional applications as dyestuffs,
Pc’s have attracted great research interests in the recent several decades for their
potentials in functional molecular materials including organic semiconductors for
organic photovoltaic cells (OPVCs) [6], organic field effect transistors (OFETS) [7]
and organic light-emitting diodes (OLEDs) [8], photosensitizers for photodynamic
therapy (PDT) [9] and dye-sensitized solar cells (DSSCs) [10], single-molecule
magnets (SMMs) [11], nonlinear optical (NLO) materials [12], and catalysts for
chemical and photo-redox reactions [13—15] among others [16—19].

Along with the development of function-oriented strategies for molecular design
and synthesis, in this new century various Pc derivatives with novel structural and
electrical features have been obtained, for example, n-expanded Pc molecules in the
horizontal [20] and vertical [21] directions of Pc planes, electron-donor—acceptor
(D-A) systems of Pc’s hybridized with other electro-active subunits [22, 23], and
even covalent organic frameworks (COFs) of Pc’s [24]. On the other hand, the
advances in controllable assembly techniques and related nanotechnologies enable
Pc building blocks to be incorporated into supramolecular architectures [25],
nanoparticles [26], thin films [27], and other ordered condensed matters and then
can be fabricated to prototype devices and evaluated for the functional parameters.
This research direction has achieved, recently, exciting progress not only for the
practical and potential applications such as organic photodetectors [28] and supra-
molecular spin valves [29] but also for their operation mechanisms of the funda-
mental photo-, electro-, and magneto-physics.

Many excellent reviews and monographs about functional phthalocyanine mate-
rials have been published in recent years with emphases on molecular photovoltaics
[22, 30-38], thin-film electronics [25] and sensors [39-41], PDT sensitizers [42—
50], molecular magnets [51], NLO materials [52, 53], catalysts [13, 54, 55],
photochemical and photophysical properties [56], and synthetic and coordination
chemistry of Pc’s [57-64]. We also edited and published in 2010 the volume of
“Functional Phthalocyanine Molecular Materials” for the series of Structure and
Bonding [65], with nine chapters covering the chemistry of near-infrared absorbing
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[66], photochromic [67], and ball-type Pc’s [68], the supramolecular arrays [69]
and nanostructures [70, 71] of Pc’s, and their applications in OFETs [72], DSSCs
[73], and molecular magnets [74]. As a follow-up of the above volume, the present
chapter is intended to briefly review the advances in functional Pc’s since 2010,
with selected topics of semiconducting materials for OPVCs and OFETs, functional
photosensitizers for PDT and DSSCs, and molecular magnetic materials of SMMs.
On the bases of the most recent examples, we wish to highlight the new perspec-
tives as well as the structure—function relationships for each of the selected topics.

2 Organic Semiconducting Materials

As a class of typical small-molecule semiconducting materials, Pc’s are superior for
the high charge-carrier mobility and tunable highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels and thus
tunable molecular band gaps, which enable them to be stable and high-performance
p-channel, n-channel, and even ambipolar charge-transporting materials. In the case
of OFETs, the charge carriers are injected into the semiconductors from metal
electrodes; however, for OPVCs the charge carriers are generated by photon-
induced charge separation (CS) between electron-donor and electron-acceptor
materials, where Pc’s can be good electron-donor materials due to the highly
destabilized HOMOs by the large n-conjugation and the largely minimized reorga-
nization energy by the rigid planar structure. In addition, the strong absorption of
Pc’s, covering from the ultraviolet to the visible and near-IR regions, leads them to
be suitable for efficient solar light-harvesting components in OPVCs.

2.1 Organic Photovoltaic Cells

Organic photovoltaic cells, based on organic semiconductors of small molecules or
polymers, provide great opportunities for low-cost and high-efficiency solar energy
conversion, due to several advantages of organic materials such as intense absorp-
tion of visible and near-infrared (NIR) light, synthetic variability, low-cost fabri-
cation process, and flexibility of devices, among others. The generation of
photocurrent in OPVCs is basically a cascade of four steps: exciton generation
upon photon absorption, exciton diffusion to the heterojunction, exciton dissocia-
tion into free charge carriers, and charge transport and collection at the external
electrodes. The performance of an OPVC is usually assessed by analyzing the
current—voltage (I-V') curves, the key parameters including the open-circuit voltage
(Voc, determined by the energy gap between the LUMO level of the acceptor and
the HOMO level of the donor), short-circuit current density (J., proportional to
photon absorption), fill factor (FF), and power conversion efficiency (PCE). On the
bases of the understanding of mechanistic picture for solar energy harvesting and
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photoinduced charge-carrier generation, a remarkable enhancement of the PCE has
been achieved recently by the combined efforts of (1) the development of new light-
harvesting and electron-donating materials, (2) the fine control of the morphology
of active layer, and (3) the rationally optimization of the device architectures.

2.1.1 Vacuum-Deposited Pc’s for OPVCs

It has been widely accepted that the organic bilayer planar heterojunction (PHJ)
device reported by Tang in 1986 [75] is one of the most significant breakthroughs
for OPVCs, in which a layer of copper phthalocyanine complex (CuPc) (1) (Fig. 1)
was used as the electron donor to form a donor—acceptor heterojunction with a layer
of perylene diimide derivative as the electron acceptor, and PCE of 1% was
obtained. After that, metal phthalocyanine complexes received more and more
research attention as small molecular donors in OPVCs, not only for the prominent
charge-transporting and photon absorption properties but also for the synthetic
accessibility and commercial viability of Pc’s [76]. Great progress has been
achieved for the field of Pc-based OPVCs in the recent 5 years. For example, Xu
et al. [77] reported bulk heterojunction (BHJ) cells of P3HT:CuMePc:PCy,BM
(1:1:2, P3HT = poly(3-hexythiophene), CuMePc = tetramethyl-substituted
phthalocyaninato Cu(Il) complex (2), PCBM =[6,6]-phenyl C61-butyric acid
methyl ester), which showed improved photovoltaic performance with a PCE of
5.3%, as a result of the enhancement of the charge-carrier mobility and photon
harvesting by incorporating CuMePc nanocrystals in P3HT:PCs;BM BHIJ solar
cells. In another trial, Qu et al. [78] fabricated PHJ cells using the same molecular
donor of CuMePc (2) (Fig. 1) and a different acceptor of C¢, by vacuum-deposition
technique. With MoOj; as the electron-blocking buffer layer and after a thermal
annealing treatment, an enhanced PCE of 3.53% was achieved.

Fluorinated phthalocyaninato zinc complexes can also serve as an efficient
electron donor for BHJ cells. As demonstrated by Meiss et al. [79], the single
BH]J cell with F;ZnPc (3) (Fig. 1) as an electron donor and Cgy as an electron
acceptor (F4ZnPc:Cgp) showed highly improved Vo in comparison to the device
based on the unsubstituted phthalocyaninato zinc complex and Cgo (ZnPc:Cgp);
accordingly, the PCE values were increased from 3.3% (ZnPc:Cgo) to 4.6%
(F4ZnPc:Cgp). Very recently, Brendel et al. [80] systematically investigated the

T Qodl B QD
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CuMeP =
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Fig.1 Vacuum-deposited Pc’s for OPVCs
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effect of fluorination of the ZnPc molecules on the OPV performance, they found
that upon the gradual fluorination of F,ZnPc (n =0, 4, 8), the effective band gap at
the donor—acceptor interface and in turn the V¢ for bilayer BHJ cells were
increased.

Chloroaluminum phthalocyanine (ClAlPc) (4) (Fig. 1) [81, 82] is another prom-
ising donor material for OPVCs, due to its enhanced photon absorption in the NIR
region and stabilized HOMO in comparison to CuPc (1). Particularly, the existence
of axial chlorine is feasible for the optimization of donor/acceptor and donor/
electrode interfaces by vacuum-deposited techniques in heterojunction-based
cells; as a consequence, high device performance with a PCE of 4.8% can be
obtained for a BHJ cell of CIAIPc:Cg, by Verreet et al. [83]. Some other nonplanar
Pc’s, such as lead phthalocyanine (PbPc) (5) (Fig. 2) [84], titanyl phthalocyanine

St e
gy éﬁ'

CgPcHy: R =CgHy3 ZnPctBuy: R = tBu

10 ZnPcFi6: R14 5.11, 15.18, 2025 = F

11 Pc707: major component has 4 thioalkanes; R, or R + Rg or Ryg + Ryg or Rq7 + Ry3 or Rys = S(CH3)41CHj
remaining = F (some with 3 or 5 thioalkanes)

12 Pc735: major component has 8 thioalkanes; R, = Rz = Rg = Rqg = Ryg = R17 = Ryz = Rys = S(CH,)11CH;3
remaining = F (some with 7 and some with 5 thioalkanes)

RuPc(Py-21T),: R = tBu

Fig. 2 Solution-processed Pc’s and a fullerene acceptor (13) for OPVCs
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(TiOPc) (6) (Fig. 1) [85], and vanadyl phthalocyanine (VOPc) (7) (Fig. 1) [86],
have also been explored as the donor materials to extend the spectral coverage and
to control the film morphology and packing structures. It was found that, for these
polymorphic Pc’s, the optical and electrical characteristics could be regulated by
templating or annealing-induced phase transition.

2.1.2 Solution-Processed Pc’s for OPVCs

Because most of the above Pc’s are insoluble in common organic solvents, the
related devices can only be fabricated by vacuum evaporating techniques. In order
to produce Pc-based OPVCs by low-cost solution-processed methods, some signif-
icant efforts have been carried out.

Hori et al. [87] reported a soluble metal-free phthalocyanine with long alkyl
substitutes, 1,4,8,11,15,18,22,25-octahexylphthalocyanine (C6PcH2) (8) (Fig. 2),
which was fabricated to HBJ cells with PCBM donor by spin coating of the mixed
solution. A PCE of 3.2% was obtained for the optimized devices. Varotto et al. [88]
demonstrated BHJ cells with self-organized blends of Pc derivatives, which include
ZnPctBuy (9), and the mixed products (Pc707 (11) and Pc735 (12)) of the peripheral
fluorine substitution reaction between hexadecafluorophthalocyaninatozinc
(II) (ZnPcF,6) (10) and 1-dodecanethiol. The compounds Pc707 (11) and Pc735
(12) have successively decreased molecular band gaps while the HOMO energy
levels are destabilized more than the LUMOs, resulting in a suitable internal energy
alignment of frontier molecular orbitals among the Pc derivatives. When the Pc
blends were fabricated to BHJ cells with a complementary fullerene acceptor (13)
(Fig. 2), significant increase in J,. and PCE relative to any given Pc components
was achieved for the solution-processed devices. In a follow-up study, Jurow
et al. [89] found that, for this class of soluble Pc donors, the peripheral alkane
substituents can also be used to control the morphology and molecular packing of
the active layer in BHJ cells. Fischer et al. [90] reported a series of highly soluble
tetra-fert-butyl phthalocyaninato ruthenium(Il) complexes (RuPc-Py-nT) (14)
(Fig. 2) with dendritic oligothiophene (DOT) axial ligands. The DOT ligands can
enhance the absorption in the range of 380-550 nm, where RuPc core does not
possess a strong absorption. These RuPc-Py-nT complexes were applied to
solution-processed BHJ solar cells with fullerene PCBM as the acceptor; PCE
values of up to 1.6% were achieved.

The water-soluble tetra-sulfonic phthalocyaninato copper(Il) complex (TSCuPc)
(15) (Fig. 3) was fabricated to PHJ cells with Cg as the acceptor layer by Schumann
et al. [91]. A PCE value up to 0.32% was obtained for this water-soluble molecular
semiconductor. Later, Ryan et al. [92] studied the photovoltaic performance of a
series of water-soluble ZnPc derivatives, which have two, three, or four sulfonate
substituents at the periphery of Pc rings, noted as ZnPc-S2 (16), ZnPc-S3 (17), and
ZnPc-S4 (18), respectively (Fig. 3). It was revealed that the frontier orbital energies
could be shifted by changing the number of substituents, thus altering the
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R3

16 ZnPc-S2: Ry =R, =S03H,R3=R;=H
orRy=R4=8S03H, R, =R3=H

NaO TSCuPc 17 ZnPc-S3: Ry =R, =Ry =SO3H, R, =H
18 ZnPc-S4: R, = R, = R3 = Ry = SO3H

Fig. 3 Water-soluble Pc’s for OPVCs

performance of the PHJ cells. The disulfonated species ZnPc-S2 (16) showed the
most improved PCE (0.46%) under standard conditions.

Sandwich-type phthalocyaninato rare-earth metal complexes (SPRMCs)
[57, 93] are narrow band-gap molecular semiconductors with broad absorption
and good solubility over corresponding monomeric Pc derivatives. However,
there are very few examples for the application of SPRMCs in small-molecule
OPVCs [94-98]. In a recent trial, Li et al. [98] fabricated solution-processed
organic—inorganic hybrid BHJ solar cells using a series of rare-earth double-decker
complexes as the electron donors. By choosing PDI, with complementary absorp-
tions to the double-decker donors, as the primary electron acceptor, blended with
nanoporous TiO, as the secondary electron acceptor to suppress the fatal back
charge transfer, an optimal PCE of up to 0.82% was achieved, which is comparable
to some vacuum-deposited cells of monomeric Pc’s.

2.2 Organic Field Effect Transistors

Organic field effect transistors (OFETSs) were first reported in 1980s [99], since then
they have attracted considerable attention due to the great potentials for the fields of
integrated circuits, flexible displays, sensors, and other low-cost large-area elec-
tronic devices. In principle, when suitable gate voltage (V) and drain-source
voltage (Vps) are applied to an OFET device, the injected charges (hole for
p-channel and electron for n-channel) from the source electrode will gather at the
semiconductor/gate insulator interface and move to the drain electrode; as a result, a
tunable drain-source current (Ipg) is generated in the semiconductor layer. The
performance of an OFET device can be evaluated by three key parameters: (1)
charge-transfer mobility (p/cm?® v~ ' s™1), which quantifies the average charge-carrier
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drift velocity per unit electric field; (2) on/off current ratio (I,,/I,¢), which is the
ratio of the drain currents between the on and off states; and (3) threshold voltage
(V1/v), which expresses the minimum gate voltage applied to turn the transistor
on. Although the charge transport mechanism in OFETSs remains undefined yet, it is
believed that, in addition to the semiconductor layer, other factors such as the
device configuration, the properties of the electrodes, the gate insulator, and the
interfaces are all crucial in determining the performance.

Over the years, the research field of OFETs [100-103] has achieved great
progress as a result of the advances in material design and device engineering. In
particular, due to the prominent charge transport properties, chemical stability, and
synthetic versatility of Pc’s, OFET devices with Pc’s as the active materials
[72, 104, 105] have also experienced much research efforts and great development,
as exemplified by the highly improved charge-transfer mobility for Pc-based
OFETs from the beginning of 1.5-7.0 x 10™* ecm? v~' s~ (NiPc films in 1989)
[106] to the most high values of 1.0-10.0 cm? v~ ' s~! (TiOPc films in 2007) [107]
and emerging applications of sensors [108—110], photodetectors [111] and ring
oscillators [112], etc. In the following part of this section, we will briefly survey the
development of Pc-based OFETs in the past 5 years, in the order of p-type, n-type,
and ambipolar OFETs.

2.2.1 p-Channel OFETs

CuPc (1) is one of the most intensively studied p-type semiconductors for OFETs.
The recent interests for this classical organic semiconductor (OSC) material are
focused on the modulating of the molecular packing, crystalline structure, and
interfacial properties [113], which have shown crucial role to realize high-
performance OFETs. Particularly, Jung et al. prepared a-phase CuPc nanowires
which then were transformed to -phase rectangular nanotubes through hydrother-
mal and annealing process. Comparative OFET studies showed that the charge-
transfer mobility and on/off current ratio were improved to 8 and 10 times, respec-
tively, upon the transformation from o-phase nanowire to PB-phase nanotube
[114]. Alternatively, in order to develop low-voltage OFETs, Su et al. introduced
a solution-processed bilayer Al,O,/TiO, system as the high-x gate dielectric for
CuPc-based OFETSs, which exhibited high hole mobility of 0.06 cm® v~ ' s~ ! at an
operation voltage of —1.5 V [115]. Recently, Deng et al. developed a simple and
efficient etching-assisted transfer printing (ETP) method to fabricate CuPc
nanowire array-based flexible OFETs, by which a high hole mobility
QOcm’v s a large on/off ratio (>10%, and a low threshold voltage (—2 v)
were achieved, in addition to the excellent bend stability [116]. The high crystal
quality of the nanowires is believed to be responsible for the high mobility, while
the use of high-x dielectric layer (SizNy, € =7.5) optimizes the current on/off ratio
and the operating voltages. On the other hand, it is also important to select preferred
material for the source and drain electrodes to optimize the work function match
with the channel material. For example, Liu et al. demonstrated that graphene
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source and drain electrodes could perform higher hole injection efficiency to CuPc
nanoribbons than that of gold electrodes [117]. Moreover, Luo et al. reported that
doping gold nanoparticles on the top surface of the CuPc layer could improve the
performance of CuPc-based OFETs [118].

Miniaturized electronic devices are highly desired in modern technology. In
this regard, Cao et al. developed molecular scale OFETs based on a specially
designed thiolated phthalocyaninato Cu(Il) complex (2thioPc, 19) [119] (Fig. 4).
The molecular gap electrodes were fabricated by a “top-down” molecular lithog-
raphy approach, which were then connected by a “bottom-up” approach of self-
assembling of the 2thioPc molecules through Au-S bonding. The obtained

24 OVPc-C6:M =V, R = n-CgHy3
- 25 OVPc-C8: M =V, R = n-CgHy7
N7 =N
R /i | o R 26 OVPc-C12: M =V, R = n-CqoHas
Ve
| NeeeMEeN
| —
R \ R ) '
N N 27 OTiPc-C6: M =Ti, R = n-CgHy3
— 28 OTiPc-C8: M = Ti, R = n-CgH,7

29 OTiPc-C12: M =Ti, R = n-Cy,H,5

Fig. 4 Pc’s for p-channel OFETs
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molecular scale OFETs showed high hole mobility of 0.16 cm® v~' s '. Later, Jiang

et al. developed a facile approach of “molecular crystal lithography” to prepare
nano-gap electrodes for thermally evaporated CuPc (1) layers with tunable channel
lengths from 20 pm down to 50 nm [120].

Solution processible organic semiconductors are of great importance for the
printable and low-cost organic electronic devices [121]. As for OFETs, Langmuir—
Blodgett (LB) monolayers of CuPc (1) were applied by Cao et al. as p-channel
materials with single-layer graphene as planar contacts [122]; the devices showed
carrier mobility of up to 0.04 cm? v~ s~', on/off ratio of >10°, and ultrasensitive
photoresponsive behavior as well.

Non-planar metal phthalocyanine complexes (MPc’s) are also promising mate-
rials for OFETs because of the easily controllable intermolecular n—x staking and
the highly improved solubility relative to planar MPc’s. For instance, upon epitaxy
growth of vanadyl phthalocyanine (VOPc) (7) on proper inducing layers [123, 124],
high hole mobility up to 2.6 cm? v=' s™' could been obtained for VOPc-based
OFETs. Interestingly, Dong et al. successfully synthesized and separated four
structural isomers of non-peripheral tetrahexyl-substituted vanadyl phthalocyanine
complexes VOPc1-VOPc4 (20-23) (Fig. 4) [125]. They found that the substitution
pattern significantly influences the intermolecular n—n stacking and electronic
coupling. As a result, the OFET mobilities in the range of 1.2x 107 to
0.13 cm? v~ ' s were obtained for the four isomers, in which the most abundant
isomer (VOPc3, 22) showed the best performance in the series. Later, these authors
designed new series of titanyl and vanadyl phthalocyanines with ABAB symmetry
(OVPc-Cn, n=6 (24), 8 (25), 12 (26); and OTiPc-Cn, n=6 (27), 8 (28), 12 (29))
(Fig. 4) [126]. The specially designed molecular substitution pattern could help to
keep tight cofacial n—x stacking of Pc cores by placing all of the alkyl substituents
between the Pc core layers (Fig. 5). The slipped cofacial n—xn stacking motif of the
Pc cores is obviously favorable for intermolecular m-orbital overlap and thus is
beneficial for efficient charge transporting. As expected, the OFET mobilities of

alkyl chains

interlayer
distance

16.46 A

Fig. 5 Crystal packing structure of OTiPc-C6 (27) along the c-axis. Reprinted with permission
from [126]. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 6 Schematic molecular structure of Lu(Pc[a-CgH;7-n]g), (30)

27-29 have been highly improved to the range of 0.18-0.96 cm” v_' s~ in which
OTiPc-C8 (28) showed the best device performance. These examples demonstrate
the significant effect of rational molecular design on the properties of Pc-based
semiconductors and OFET devices.

As stated above in the Sect. 2.1.2, sandwich-type phthalocyaninato rare-earth
metal complexes (SPRMCs) [57, 93] are mostly solution-processable semiconduc-
tors with narrow molecular band gaps, which allows for the fabrication of a family
of SPRMCs-based thin-film OFETs by using Langmuir-Blodgett (LB) technique
coupled with amphiphilic molecular design [127-132]. Recently, Chaure
et al. synthesized a liquid crystalline bisphthalocyaninate lutetium(IIl) sandwich
complex Lu(Pc[a-CgH;7-1]g), (30) (Fig. 6) and fabricated to OFETSs through spin-
coating technique [133]. They found that annealing the devices above the temper-
ature of crystal to mesophase transition could significantly improve the perfor-
mance of OFETs, as such the hole mobility increased to five times, the on/off ratio
increased by two orders of magnitude, while the threshold voltage decreased to half
of the values upon annealing the as-deposited films. The improvement in perfor-
mance was attributed to the increase in grain sizes and the decrease in mean surface
roughness of the spin-coated films upon annealing.

2.2.2 n-Channel OFETs

In order to construct integrated organic circuits, air-stable n-channel OFET devices
are highly desired to complement p-channel devices. In this respect, hexadeca-
fluorinated metallophthalocyanines (F;¢MPc, M =Zn (10), Cu (31), Co (32), and
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31 F46CuPc: M = Cu 34 SnOPc: M =SnO

32 F46CoPc: M =Co 35 SnCl,Pc: M = SnCl,

33 FiFePc: M =Fe

Fig. 7 Pc’s for n-channel OFETSs

Fe (33)) (Fig. 7) are one of the first classes of high-performance air-stable n-channel
semiconductors [134, 135], in which the vacuum-deposited films of copper com-
plex 31 showed the best performance with electron mobility up to 0.03 cm? v~ ' s~ ',
However, in a recent work [136], Jiang et al. reported that the single crystal OFETs
of F;¢ZnPc (10) showed higher electron mobility (1.1 cm? v s71) than those of
F,sCoPc (32, 0.8 cm? v ' s7!) and F;¢CuPc (31, 0.6 cm” v~ ' s7'), which was
attributed to higher electron transfer integrals and weaker electron—phonon cou-
pling strength of F1¢ZnPc (10) than those of the other two. In addition to the above
hexadecafluorinated Pc’s, tin(IV) phthalocyanate complexes with axial oxygen
(SnOPc, 34) (Fig. 7) [137] or dichloride (SnCl,Pc, 35) (Fig. 7) [138] groups are
another kind of high-performance n-type semiconductors. Recently, Obaidulla
et al. [139] reported that vacuum-deposited SnCl,Pc (35) OFETs exhibited good
n-channel behavior with electron mobility of 0.01 cm? v s~! low threshold
voltages of 4 V, on/off current ratio of 10%, and high operation stability as well.

The first solution-processible Pc-based n-type semiconductor was reported in
2011 [140]. By stepwisely replacing electron-donating 15-crown-5 units with
electron-withdrawing octyloxycarbonyl groups, the transporting feature of the
series of phthalocyaninato copper complexes (3641, Fig. 8) were successfully
tuned from p-type to n-type, along with the decreasing of the LUMO levels in the
same order.

2.2.3 Pc’s-Based Ambipolar OFETSs

Ambipolar OFET devices can accumulate and conduct both holes and electrons,
thus providing both n- and p-channel behaviors, which are highly interested for the
application of low-cost complementary circuits and light emission devices
[141, 142]. Usually three approaches have been adapted to achieve ambipolar
transporting properties in OFETs: (1) n- and p-type semiconductors in a bilayer
architecture (or p—n junction) [143—-145], (2) blends of n- and p-type materials in a
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Fig. 8 Solution-processible Pc’s for n-channel OFETs

single layer [145, 146], and (3) single component in a single layer. Here the last
approach will be primarily discussed to highlight the superiority of Pc derivatives
for ambipolar transport, where the tunable and narrow band-gap nature of Pc’s is
crucial for hole and electron injection.

Opitz et al. systematically investigated the ambipolar transporting properties of
CuPc (1) [147-149]. They found that modifying the substrate (gate insulator) with
suitable passivation layers could realize bipolar charge transport in typical p-type
semiconductor of CuPc (1). When tetratetracontane (TTC) was used as the passiv-
ation layer, balanced charge-carrier mobilities up to 0.03 cm”® v=' s™' can be
achieved in polycrystalline thin films of CuPc (1) [148]. Another typical example
is PbPc (5), due to its narrow molecular band gap and unique n—r stacking mode;
high-performance ambipolar charge-transporting properties were discovered by
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Fig. 9 Phthalocyanine—fullerene dyad (42) for ambipolar charge transporting. Reprinted with
modification and permission from [153]. Copyright 2011 American Chemical Society

experimental measurements [150] and theoretical modeling [151] as well. Never-
theless, Peng et al. recently reported that, upon light illumination with proper
wavelength and power density, PbPc-based p-channel OFET devices could be
converted to ambipolar ones with balanced carrier mobilities [152].

Hayashi et al. reported an attractive strategy for achieving single-component
ambipolar charge transport based on a mesogenic phthalocyanine—fullerene dyad
(42, Fig. 9) [153]. The segregated columnar liquid crystals (LCs) result in
bicontinuous donor—acceptor structures, which exhibit efficient ambipolar charge-
transporting properties as measured by time-of-flight (TOF) and time-resolved
microwave conductivity (TRMC) methods.

It is clear that the n-conjugation extension can lead to narrow band-gap organic
semiconductors, which is favor of matching with the work function of given
electrodes for both of hole and electron injection. In this regard, Shi and Li designed
n-extended binuclear phthalocyaninato copper (II) complex, Cu,[Pc
(COOCgH7)6]» (43, Fig. 10), with electron-withdrawing octyl formate groups at
the periphery positions [154]. The new compound is soluble in conventional
organic solvents, and more significantly, the HOMO and LUMO energy levels
have been successfully adjusted to the range for an air-stable ambipolar organic
semiconductor. By a solution-based quasi-Langmuir—Shifer (QLS) method, thin-
film OFET devices were fabricated and air-stable ambipolar properties were proved
with electron mobilities up to 0.17 cm® v ' s~' and hole mobilities to
23x 10 em? v 's7h

Another approach to extend the n-conjugation system of Pc’s is the formation of
sandwich-type phthalocyaninato rare-earth metal complexes (SPRMCs) [57, 93], in
which the unique intramolecular n—r interactions can lead to notable decreasing of
the LUMO energy levels and increasing of the HOMO energy levels in comparison
with the corresponding monomeric Pc derivatives. As a result, prominent ambipolar
transporting properties were identified for bis(phthalocyaninato) rare-earth
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Fig. 10 Structure of the binuclear phthalocyaninato copper (II) complex, Cu,[Pc(COOCgH;7)s]»
43)

complexes (RE(Pc),) by experimental [155] and theoretical studies [156]. Further-
more, Chen et al. found that the electronic property and number of peripheral
substituents on the Pc rings could be effective factors for tuning the semiconducting
nature among p-, n-, and even ambipolar types for RE(Pc), [157, 158].
Triple-decker phthalocyaninato rare-earth complexes (RE,(Pc);) have further
extended conjugation system and in turn further decreased molecular band gaps
than the corresponding double deckers (RE(Pc),). The outstanding p-type OFET
properties of triple deckers had already been demonstrated till 2009 [127, 129-
131]. Recently, Jiang, Chen, and coworkers developed a series of air-stable and
solution-processable ambipolar OFETs on the bases of Pc-involved triple deckers
[159-163]. By incorporating suitable electron-withdrawing groups (phenoxyl,
p-fluorophenoxyl, or naphthoxyl) at the periphery of Pc ligands in the triple
deckers, the HOMO and LUMO energy levels were precisely adjusted to the
window for air-stable ambipolar transporting. Long-range ordered thin films of
the triple deckers were prepared by a solution-based QLS method. High-
performance air-stable ambipolar OFET devices were obtained for triple decker
Eu,[Pc(OPhF)g]; (44, Fig. 11) with hole and electron mobilities of 0.24 and
0.042 cm® v ' 57!, respectively [159]. In a subsequent study, homoleptic triple
decker Eu,[Pc(OPh)g]; (45)-based devices showed lower mobilities of 0.041 and
0.0026 cm? v~ s~ ! for electron and hole, respectively, in comparison with those of
heteroleptic triple decker (Pc)Eu[Pc(OPh)g]Eu[Pc(OPh)g] (46)-based ones, for
which improved mobilities of 0.68 and 0.014 cm? v~ ! s7! for electron and hole,
respectively, were obtained [160]. The improvement of charge mobilities was
attributed to the change in molecular packing from J-aggregation for Eu,[Pc
(OPh)g]s (45) to H-aggregation for (Pc)Eu[Pc(OPh)g]Eu[Pc(OPh)g] (46) in the
QLS films. Notably, a new version of heteroleptic triple-decker complex, (Pc)Eu
[Pc(ONPh)g]Eu[Pc(ONPh)g] (47) [161] showed high potential for air-stable
ambipolar OFETs. Upon solvent vapor annealing (SVA) over the QLS films of
(Pc)Eu[Pc(ONPh)g]Eu[Pc(ONPh)g] (47), high and balanced mobilities of 1.71 and
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Fig. 11 Triple-decker rare-earth complexes for ambipolar OFETs

1.25 cm? v~ ! s~ ! for holes and electrons, respectively, could be obtained with high
on/off ratios of 10° [161]. In addition, mixed (phthalocyaninato)(porphyrinato)
triple-decker complexes (TPP)Eu[Pc(OPh)g]Eu[Pc(OPh)g] (48) [162] and (TFPP)
Eu[Pc(OPh)g]Eu[Pc(OPh)g] (49, Fig. 11) [163] were developed and fabricated to
OFETs by the solution-based QLS technique. Ambipolar transporting properties
were also revealed for the single-component devices [162, 163] and the
two-component bilayer heterojunction devices [163] as well, in which the
heterojunction transistors of (TFPP)Eu[Pc(OPh)g]Eu[Pc(OPh)g]/CuPc showed
competent performance with mobilities of 0.16 and 0.30 cm® v~' s™' for holes
and electrons, respectively.

3 Organic Functional Dyes

3.1 Dye-Sensitized Solar Cells

Dye-sensitized solar cells (DSSCs) [164] are promising solar energy transformation
devices due to the high efficiency, cost-effectiveness, and ease of fabrication
[165]. The photophysical processes of DSSCs are carried by the main components
of the light-harvesting dye, the wide-gap mesoporous semiconductor for electron
transporting, and the redox couple in electrolyte for hole transporting. The
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light-harvesting dye, which absorbs solar photons and injects electrons to the
semiconductor working electrode, plays a key role in achieving high PCE for the
device. Despite the high-cost and environmental issues of polypyridyl ruthenium
(IT) complexes, PCEs of larger than 11% have been obtained, for example, by the
use of black dye (N749, 50) (Fig. 12), and complemented with D-%-A type organic
co-sensitizers [166]. In order to explore low-cost and safe sensitizers, great efforts
have been paid to ruthenium-free organic dyes; in particular, numerous sophisti-
catedly designed porphyrin (Por) dyes [167, 168] have been tested for DSSC
applications and proved to be highly efficient sensitizers, for example, by the
Por-based sensitizer SM315 (51) (Fig. 12); a record PCE of 13.0% was achieved
in the absence of any co-sensitizer [168].

As one class of the most important synthetic analogues of Por’s, Pc’s are also
attractive sensitizers because of the intense absorbance down to near-IR region and
the excellent thermal and chemical stabilities [32, 34]. However, it has been
revealed that the PCEs of Pc-based DSSCs are still lower than those of Por-based
ones, mainly due to the weak absorption from 400 to 600 nm, the n—r aggregation
between planar Pc rings, and the lack of electron D-A systems [35, 36].

In 1999 Nazeeruddin et al. reported the first examples of Pc-based DSSCs [169],
in which an optimal dye of tetracarboxyphthalocyanine zinc(Il) (52) (Fig. 13) was
identified with PCE of 1.00%. After that, especially in recent years, significant
progress has been achieved in Pc-based DSSCs through rational molecular design.
At first, proper anchoring groups are important for strong binding of dyes to the
TiO, surface, and short and conjugated spacers are suitable for efficient electron
injection. In this regard, carboxyethynyl or carboxylic acid groups [170, 171] could
provide “push—pull” directionality to the dye molecules, resulting in efficient
electron injection from the excited dye to the conduction band (CB) of TiO,.
Secondly, dye aggregation should be minimized to avoid the rapid deactivation of
the excited state. Bulk peripheral substituents and/or axial ligands [172—-174] are
useful to suppress the m—x staking of Pc dyes. Thirdly, the HOMO and LUMO
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Fig. 13 Pc’s for DSSCs

energy levels [175, 176] should be carefully adjusted for the dye regeneration from
the electrolyte and the efficient electron injection into TiO,. Finally, the molar
absorption coefficient in a wide range of sunlight defines the light-harvesting
property, which is also crucial for high-performance DSSCs.

The above concept of molecular design has fruited many elegant Pc dyes, for
example, Torres, Nazeeruddin, and coworkers developed the TTx (x = 1-43) series
[177-181], in which TT40 (53) (Fig. 13) showed the best performance with a PCE
up to 6.01% under standard solar conditions [182]. Meanwhile, Kimura, Mori, and
coworkers invented the PcSX (X =1-21) series of Pc dyes [183-186], in which
PcS20 (54) (Fig. 13) was found to be the most successful Pc dye to date with a
record PCE of 6.40% [186]. Introduction of bulk diphenylphenoxy (TT40 (§3)) and
dibutoxylphenoxy (PcS20 (54)) substituents in the periphery of Pc rings was proved
effective to suppress aggregation phenomena and to reduce the recombination at the
TiO,/electrolyte interface. Furthermore, Peng, Li, and coworkers designed the
asymmetrical tribenzonaphtho-condensed Pc dyes [187-190]. The asymmetrical
fusion of a benzo ring to one of the four benzopyrrole units of the Pc core induced
not only the red shift of absorptions but also the directionality of the electronic
orbitals in the excited state of the Pc dyes. As a result, high-performance DSSCs
was obtained for Zn-tri-PcNc-tBu (85) (Fig. 13) [187], with PCE of 3.65% under
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standard solar conditions, and the efficiency could be improved to 6.61%
by a co-sensitization technique [191]. In addition, subphthalocyanines [192],
hyperbranched phthalocyanine oligomers [193], and phthalocyanine—porphyrin
dyads [194] were also tested for DSSCs and showed promising potentials.

3.2 Sensitizers for Photodynamic Therapy

Photodynamic therapy (PDT) is a highly controllable treatment for cancer in
comparison with traditional surgery, radiation therapy, and chemotherapy. Gener-
ally, PDT process involves three key elements: a photosensitizer, light, and molec-
ular oxygen. Upon photo irradiation, the photosensitizer is populated to the lowest
excited singlet state (S;), which then undergoes spin inversion and transforms to the
lowest excited triplet state (T;) via intersystem crossing (ISC). The T, state can
trigger two kinds of processes defined as type I and type II reactions. Type I
reactions feature directly charge transfer between the T state of photosensitizer
and local substrates, whereas type II reactions feature energy transfer from the T,
state of photosensitizer to the ground state of molecular oxygen (*0,), producing
highly reactive singlet oxygen (‘O,) as the cytotoxic agent. The efficiency of PDT
is strongly dependent on the properties of photosensitizers, particularly for type II
reactions; the lifetime and quantum yield (zt and @) of the T, state are decisive for
PDT efficiency. Other factors, such as an intense absorption in 600-900 nm region,
water-soluble and amphiphilic characters, selective affinity toward tumor cells, and
low dark toxicity, are also crucial for clinical application of PDT.

Conjugated cyclic tetrapyrrole compounds are one of the most successful class
of PDT photosensitizers [9, 195, 196], in which Photofrin® (56) (Fig. 14), a mixture
of porphyrin dimers and higher oligomers, is the first clinically approved photo-
sensitizer. However, the first-generation photosensitizers, as represented by
Photofrin®, suffer from the long-term skin photosensitivity and the limited light
penetration depth. In order to overcome these problems, the second- and third-
generation photosensitizers, with characteristics of long-wavelength absorptions

. . ®
Fig. 14 Photofrin™ (56) NaO,C CO,Na

56

Photofrin: n = 1-9
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and tumor-targeting functions, respectively, have emerged as the focus of PDT
research in recent years.

Though Pc’s usually have strong absorption in the NIR region due to the large
n-conjugated system, their tendency of aggregation and low water solubility is
unfavorable for PDT sensitizers. In this regard, various water-soluble substituents
have been connected to the a- and/or B-positions of Pc rings, such as solketal [197],
amine and its protonation salt [198, 199], and carboxylate acid groups
[200, 201]. Supramolecular assembling with cyclodextrin also could improve the
water solubility of hydrophobic Pc’s [202]. In the above symmetrical Pc photosen-
sitizers, the heavy-atom effect of platinum(Il) [197] and hydriodate [198, 199] was
suggested to enhance the intersystem crossing (ISC) and thus singlet oxygen
generation, whereas the o-substitution [199] and m-extension [201] could shift
the NIR absorption maxima to about 750 nm. In particular, the quaternized
a-substituted Zn(Pc) derivative (2Zn-Et, 57) (Fig. 15) [199] showed high singlet
oxygen quantum yield (@,) up to 0.91 and superb anticancer activity with the half-
maximum inhibitory concentration (ICsy) value as low as 0.22 uM against the
SK-MEL-28 cells.

Unsymmetrical modification of Pc ring is an effective way to produce Pc-based
amphiphilic photosensitizers [203, 204]; more significantly, unsymmetrical Pc’s
can provide feasible platform for tumor-targeting and selectively activatable [205]
strategies. In recent examples, Ke et al. connected linear and cyclic peptides,
respectively, to the 1,4-disubstituted zinc(Il) phthalocyanine by click chemistry.
They found that the linear nuclear localization sequence (NLS) peptide (58, Fig. 16)
could enhance the cellular uptake and tumor-retention properties [206], while the
cyclic arginine—glycine—aspartic acid (RGD) sequence (59) could induce high
selectivity toward integrin o,f; overexpressed cancer cells [207]. Alternatively,
Zhang et al. adopted erlotinib, a small molecular anticancer drug, as the targeting
moiety to modify Zn(Pc) core [208, 209]. The obtained Zn(Pc)-erlotinib conjugates
(60 and 61) showed high specific affinity toward epidermal growth factor receptor
(EGFR) overexpressed cancer cells. An oxaliplatin derivative was also linked to a

Fig. 15 The quaternized
o-substituted Zn
(Pc) derivative (2Zn-Et, 57)
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Fig. 16 Unsymmetrical modification of Pc’s for PDT

Zn(Pc) core by Lau et al. [210] to construct a dual chemo- and photodynamic
therapeutic agent (62); synergistic effects were observed with ICsy value of
0.11 pM toward the HT29 cells. Very recently, He et al. developed a “smart”
photosensitizer by connecting a 2,4-dinitrobenzenesulfonate group (as a removable
quencher) to the periphery of Zn(Pc) (63, Fig. 16) [205], which could be activated
by glutathione (GSH) through cutting off the sulfonate ester linker.

Axial modification of silicon(IV) phthalocyanine (Si(Pc)) is another useful
approach to Pc-based PDT sensitizers. The axial ligands can not only depress the
tendency of aggregation and affect the photophysical properties [211-213] but also
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Fig. 17 Axial modified Si(Pc) for PDT

induce targeted delivery and stimuli-responsive vectors. For example, the gluco-
conjugated Si(Pc) (64, Fig. 17) showed improved uptake and potent phototoxicity
toward HT29 and HepG2 cells [214], and the polyamine-conjugated Si(Pc)s
exhibited pH-responsive photodynamic activity [215-217]. Interestingly, Lau
et al. reported an unsymmetrical bisferrocenyl-conjugated Si(Pc) (65, Fig. 17)
[218], in which the disulfide and hydrazone connections can be cleaved by acid
and dithiothreitol (DTT), respectively. The removal of the ferrocenyl quenchers
switches on the singlet oxygen production of Si(Pc) core, leading to a dual-
responsive photosensitizer.

In addition to the above molecular design strategies for Pc-based photosensi-
tizers, current research interests have extended to the interdisciplines of chemistry,
biology, and medical science to develop Pc-based pharmaceutical formulations. To
increase the efficacy and reduce the side effects, the antibody-directed phototherapy
(ADP) [219, 220] was first proposed on the basis of anti-M-1-hematoporphyrin
conjugates. Recently, Kobayashi and coworkers first reported the Pc-based NIR
photoimmunotherapy (PIT) formulations [221], in which monoclonal antibodies
(mAb’s) were employed to target epidermal growth factor receptors. Both in vitro
and in vivo tests revealed prominent tumor specificity and potent PDT efficacy
[222-225]. On the other hand, Huang and coworkers utilized an amino-terminal
fragment (ATF) of urokinase as the targeting moiety for a Zn(Pc) dye [226]. The
ATF-ZnPc photosensitizer showed high specificity toward cancer cells, where
urokinase-type plasminogen activator receptors (uUPARs) are overexpressed. In
this direction, the recombinants of human serum albumin (HAS) and the ATF of
urokinase were tested as tumor-targeting drug carriers for Zn(Pc) dyes, and positive
results were obtained with highly specific phototoxicity on uPAR-expressing tumor
cells [227, 228]. Another notable recent example of biomolecule-based targeting
agents for Pc-based photosensitizers was reported by Liu and coworkers [229]. The
formulation was constructed in such a way that the integrin avp6-specific peptide
HK was first linked to the biotin; thereafter the biotinylated HK peptide (B-HK) was
connected to dye-labeled streptavidin (Dye-SA) through streptavidin—biotin bind-
ing chemistry. The resulted Dye-SA-B-HK (Fig. 18) showed specific integrin av6-
targeting ability both in vitro and in vivo. In combination with the unique
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Fig. 18 Schematic drawing of Dye-SA-B-HK. Reproduced with modification and permission
from [229]. Copyright 2015 Elsevier Ltd

photophysical properties of the SiPc-based NIR dye, optical imaging-guided sur-
gery and phototherapy of pancreatic cancer were found to be successful in mouse
models [229].

The progress of nanotechnology issued the concept of nanomedicine [230, 231],
which was proved to be applicable for the Pc-based PDT field with virtues of
targeted drug delivery, facile cellular uptake, and enhanced permeability and
retention (EPR) properties. The current Pc-based PDT nanomedicine may broadly
be classified to three categories: (1) Pc molecules self-assembled to nanometer-size
objects, such as nanoparticles [232] and hollow nanospheres [233]; (2) Pc mole-
cules encapsulated in the interior of nanocontainers [234], including the recent
examples of polymer micelles [235, 236], dendrimers [237], and viruslike particles
[238]; and (3) Pc molecules conjugated to the surface or shell of nanovehicles
[239], which include the recent examples of gold nanoparticles [240-245],
upconversion fluorescent nanoparticles [246-248], and magnetic nanoparticles
[249]. These elegant examples demonstrate the great potential of nano-platform,
by which improved PDT efficacy and multifunctional formulations can be realized
for Pc-based photosensitizers.

At the end of this section, it should be noted that Pc-based dyes have also been
involved in the applications of optical imaging [250], antimicrobial PDT [251—
253], and photothermal therapy (PTT) of diseases [254], which have shown prom-
ising results and therefore will receive increasing research interests.

4 Single-Molecule Magnets

Single-molecule magnets (SMMs) are molecules that exhibit spontaneous magne-
tization in the absence of a collective magnetic order and show slow relaxation of
magnetization below a characteristic blocking temperature (Tg) due to an energy
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barrier to magnetization reversal [255, 256]. Due to the unique quantum mechanics
of SMMs, they become important prototype models for the understanding of
modern magnetism and hold potentials in quantum computing, spintronics, and
information storage applications.

4.1 Double-Decker Lanthanide SMMs

Since the first report of a bis(phthalocyaninato) lanthanide SMM by Ishikawa
et al. in 2003 [11], the sandwich-type phthalocyaninato lanthanide complexes
have emerged as an important research focus for SMMs. In the sandwich-type
molecular structures, the neighboring Pc ligands form a C4 symmetrical (pseudo-
D,q) ligand field (LF) (Fig. 19), which induces the zero-field splitting of the
J ground state of lanthanide ion (Ln) into new sublevels. This LF-induced uniaxial
magnetic anisotropy, together with the intrinsic large-spin ground state (S) and the
strong spin-orbit interactions, leads to significant relaxation energy barriers for this
class of SMMs [74, 257].

Recently, Fukuda et al. carefully investigated the magnetic relaxation dynamics
of the anionic bis(phthalocyaninato) terbium SMM ([Tb(Pc),] .TBA™,
TBA™ = (C4Ho)4N*) in the nonthermally activated temperature range [258]. For
the 1:49 diluted sample with the diamagnetic isostructural yttrium complex ([Y

Fig. 19 (a) Molecular
structure of bis
(phthalocyaninato)
lanthanide complexes, (b)
pseudo-D 44 ligand field, and
(c) the twist angle.
Reproduced with
permission from

[257]. Copyright 2015
Elsevier B.V
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(Pc),]”.TBA™), they found that the relaxation time depends on the externally
applied direct current (dc) magnetic field and temperature, which suggests that
the direct process dominates the magnetic relaxation pathway in the lower temper-
ature range. Because the pseudo-D4q LF of bis(phthalocyaninato) terbium com-
plexes can be tuned by the redox states of molecules [259, 260] and the substituents
on Pc ligands [261-267], these are useful approach for adjusting the sublevel
structure of the lanthanide ions and in turn for modulating the SMM performance.
Notably, Cao et al. reported an effective strategy to enhance the anisotropy and
energy barrier of double-decker SMMs via atom replacement [268]. They incorpo-
rated a core-modified porphyrin, in which one of the four pyrrole nitrogen atoms
was replaced by an oxygen or sulfur atom, into a mixed (phthalocyaninato)
(porphyrinato) dysprosium complex to adjust the LF. This rational modification
induced significant enhancement of the SMM performance, as such the relaxation
energy barriers increased from 28 cm ™' for 66 to 94 and 135 cm ™' for 67 and 68,
respectively (Fig. 20). Impressively, the energy barrier of 135 cm ™' for 68 repre-
sents the highest one for all of the bis(tetrapyrrole) dysprosium SMMs till now.
Furthermore, in a series of mixed (phthalocyaninato)(porphyrinato) dysprosium
complexes [269], Wang et al. found that the twist angle between the two ligands
showed clear effect on the quantum tunneling (QT) of the SMMs.

Fig. 20 Schematic molecular structure of the mixed (phthalocyaninato)(porphyrinato) dyspro-
sium complexes: 66 (X =N), 67 (X=0), and 68 (X=0)
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4.2 Triple-Decker Lanthanide SMMs

Heteroleptic tris(phthalocyaninato) lanthanide SMMs were reported as early as
2005 [270]. However, the SMM behavior of the homoleptic tris(phthalocyaninato)
di-terbium triple-decker analogues was not studied until 2011 [271]. One of the
most obvious structural features for these binuclear systems is the short intramo-
lecular Tb—Tb distance (ca. 3.5 A) [271], which is expected to lead to significant f—f
interactions. Magnetic studies revealed dual relaxation processes for the dinuclear
Tb-Tb complexes in the low-temperature region in the presence of a dc magnetic
field, but a single relaxation process for the mononuclear Tb complexes. These
results suggest that the magnetic relaxation depends on the intramolecular dipole—
dipole interaction in the triple-decker Tb SMMs. In addition, a comparative inves-
tigation of the SMM properties of the mono- and dinuclear Dy phthalocyaninate
complexes [272] showed that the relaxation time for the bis-Dy SMMs was
enhanced relative to that of the mono-Dy species.

Furthermore, mixed (phthalocyaninato)(porphyrinato) triple-decker complexes
of terbium [273] and dysprosium [274] were also investigated to clarify the effects
of different coordination environments and intramolecular f—f interactions on the
SMM properties. For the bis-Tb compound 69, one Tb ion surrounded by two
phthalocyanine ligands shares a square-antiprism (SAP) coordination field (with a
twist angle of 43.6°), while the other Tb ion sandwiched between phthalocyanine
and porphyrin ligands has a square-prism (SP) coordination geometry (with a twist
angle of 1.2°) (Fig. 21). Similar to the heteroleptic tris(phthalocyaninato) system
[270], the intramolecular interionic interaction in the bis-Tb compound 69 is
ferromagnetic based on its static magnetic characteristics, and the quantum tunnel-
ing of magnetization (QTM) is highly suppressed by the intramolecular dipole—
dipole (f—f) interactions. However, in the case of a bis-Dy triple decker [274], both
Dy ions site in distorted SAP octa-coordination geometries with twist angles of
ca. 25° and 10°, respectively. It was found that the coordination geometry of the
spin carriers, instead of intramolecular ionic f—f interactions, plays a dominant role
in determining the SMM properties [274].

4.3 Tetrakis- and Pentakis(Phthalocyaninato)
Lanthanide SMMs

Since 2010, continuous progress has been achieved in the synthesis of sandwich-
type multikis(phthalocyaninato) rare-earth complexes with more than three tetra-
pyrrole decks [275]. Thus, the availability of lanthanide multiple-decker complexes
allowed the investigation of the effects of f—f interactions systematically.

The first tetrakis(phthalocyaninato) lanthanide SMM was reported in 2011 by
Wang et al. [276]. It was found that the average twist angle of the [(Pc'*)Dy(Pc'?)]~
subunits is 20° and the average separation between the intramolecular Dy(III) ions
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Fig. 21 Crystal structures of the mixed (phthalocyaninato)(porphyrinato) terbium triple-decker
complex (69) from three perspectives: (a) side, (b) top and (c¢) bottom; protons are omitted for
clarity. Reproduced with permission from [273]. Copyright 2012 the Royal Society of Chemistry

is 6.7 A in the tetrakis(phthalocyaninato) dysprosium—cadmium quadruple decker
70 (Fig. 22). The frequency-dependent dynamic magnetization of this compound
indicated the slow magnetization relaxation. The energy barriers are 15.6 cm ™
(to=3.6x10"" s) and 144 cm ' (1y=8.1 x 1077 s) in zero and 2,000 Oe dc
magnetic fields, respectively, which are smaller than that for [(Pc)Dy(Pc)]".TBA™*
(28.0 cm™ ') due to the non-ideal D4 local symmetry of the dysprosium ion and the
presence of dipole—dipole interactions in the quadruple-decker compound.

In order to clarify the presence of intramolecular lanthanide—lanthanide (f—f)
interactions and their effects on the SMM properties, a series of homoleptic and
heteroleptic tetrakis(phthalocyaninato) terbium—cadmium quadruple deckers were
studied [277]. The magnetic measurements confirmed the presence of inter-Tb
ionic ferromagnetic interactions in the bis-Tb compounds where the intramolecular
Tb ions are separated by 6.6 A. The intramolecular f—f interactions lead to the
effective suppression of QTM in the bis-terbium quadruple decker compared with
the mono-terbium counterparts. This also results in an enhanced energy barrier of
Uwe=228.6 cm™ ! (79 = 5.5 x 10~?) for the bis-terbium SMM relative to that of the
mono-terbium counterparts.

Ishikawa et al. prepared another series of quadruple-decker complexes [(Pc)Ln
(Pc)Cd(Pc)Ln(Pc)] (Ln-Cd-Ln =Tb-Cd-Tb, Dy-Cd-Dy, Er-Cd-Er) [278, 279]. As
expected, comparative studies of their magnetic properties demonstrated their
SMM nature and confirmed the presence of long-range f—f interactions in the
quadruple-decker compounds. The effect of f—f interactions on suppressing the
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Fig. 22 Crystal structure of 70 (fop) and plots of yy/ and y\" vs. T (bottom) under a zero dc
magnetic field. Reproduced with permission from [276]. Copyright 2011 the Royal Society of
Chemistry

QTM was also shown in the low-temperature region under a small dc magnetic
field. However, under a higher magnetic field such as 1,000 Oe, the QTM was
enhanced in the bis-lanthanide SMMs compared with their mono-lanthanide coun-
terparts due to the enhanced nuclear spin-driven QTMs. Recently, Shang
et al. investigated the SMM properties of tetrakis(phthalocyaninato) dysprosium
(III)-cadmium(II) quadruple-decker compounds with a different extent of phthalo-
cyanine peripheral substitution [280]. The results indicated that introducing
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different phthalocyanine ligands into quadruple-decker compounds is a simple and
effective way to tune the magnetic properties.

In order to demonstrate the distance-dependent nature of the intramolecular
dipole—dipole (f-f) interactions, Yamashita and coworkers studied the magnet
properties of pentakis(phthalocyaninato) lanthanide—cadmium quintuple-decker
compounds and compared with those of other multiple-decker complexes
[281, 282]. The results showed that, along with the increase in the inter-terbium
ionic separation from 3.5 A for the triple decker, to 6.6 A for the quadruple decker,
to 9.9 A for the quintuple decker, the magnetic relaxation mechanism was signif-
icantly changed, leading to the conclusion that the SMM properties of these
dinuclear systems are sensitive to the dipole—dipole (f—f) interactions and thus to
the inter-ion distances.

4.4 Fused Phthalocyanine Lanthanide Sandwich SMMs

Two bis(phthalocyaninato) dysprosium(IIl) units can be fused by a conjugated
dimeric Pc ligand forming a novel sandwich-type tetrapyrrole lanthanide architec-
ture 71 (Fig. 23) [283]. At the neutral state, two m-radicals exist in this novel
sandwich molecule as elucidated by the spectroscopic results and theoretical
calculations, where each n-radical electron delocalizes over an individual double-
decker subunit. The static magnetic properties suggest that antiferromagnetic
interactions present between the intramolecular radicals, the radical and Dy ion,
as well as the intramolecular Dy ions in 71. The dynamic magnetic behaviors of the
neutral and reduced forms of 71 (denoted as 71a and 71b) also indicate the SMM
nature of both forms of the di-dysprosium sandwich architecture. Nevertheless, the
intramolecular biradical-involved antiferromagnetic interaction is helpful for
suppressing the QTM in a zero dc magnetic field.

A tetra-terbium sandwich SMM 72 was prepared using the same Pc ligands
[284], in which the two triple-decker subunits are connected by a common benzene
ring (Fig. 24). Ferromagnetic interactions dominate among the four Tb>* ions in this
multiple-decker system, including strong intramolecular dipole—dipole interactions
within the triple-decker subunit and weak ones between the two triple-decker
subunits. As expected, this tetra-terbium sandwich skeleton also exhibits slow
relaxation of magnetization with an energy barrier of 149 cm™' (zy=2.7 x 10 %s).
In addition, the slow relaxation behavior of 72 in a high temperature range is
dominated by a spin—lattice interaction-induced Orbach process, which is indepen-
dent of the dc magnetic field. By contrast, in a low-temperature range, the magnetic
relaxation process is split into dual processes due to a direct or phonon-induced
tunneling process.
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Fig. 23 Temperature dependency of the in-phase and out-of-phase ac magnetic susceptibility of
71a (a and c¢) and 71b (b and d) under a zero dc field. Reproduced with permission from
[283]. Copyright 2013 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim

4.5 SMM Properties on Surfaces

Due to the relatively high blocking temperature and long magnetic relaxation time
at low temperature, the sandwich-type phthalocyaninato lanthanide complexes are
considered to be one of the most promising SMMs [257, 285]. Their unique
molecule quantum effect, together with the tunable molecular band gap and supra-
molecular properties, endow promising potential applications in molecular
spintronic devices [286-288]. Significant advances have been achieved in this
area. For example, Yamashita and coworkers could observe and switch the
Kondo signal of different double-decker molecules on an Au(111) surface by
scanning tunneling microscopy (STM) and spectroscopy (STS) [289-292]. Vincent
et al. performed the electronic transport studies for determining the four hyperfine
nuclear spin states of Tb>" in a [(Pc)Tb(Pc)]® SMM [293], while Thiele
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0.352 nm

Fig. 24 Simulated structure of the tetra-terbium sandwich SMM 72. Substituents are omitted for
clarity. Reproduced with permission from [284]. Copyright 2013 American Chemical Society

et al. demonstrated coherent manipulation of the four-level nuclear spin qubit
transistor of [(P(:)Tb(Pc)]0 by using of the hyperfine Stark effect [294], which
was suggested to be a general method for the electrical control of nuclear-spin-
based devices.

In order to deeply understand the properties of SMMs on surfaces and the
interaction between a substrate and the localized spin in SMMs, bis
(phthalocyaninato) lanthanide SMMs, in particular [(Pc)Tb(Pc)]O, were applied to
various substrates including Cu(100) surface [295], Al foil [296], Si substance
[297], carbon materials [29, 298-305], and others [306-308]. The experimental
results demonstrate that the spin relaxation and magnetic anisotropy of double-
decker SMMs are readily influenced by the nature of the substrate and the molec-
ular arrangement. However, for the practical application of spintronics, more
research is required to control over the interface effect and the spin transport
properties as well. The interested readers in this field are addressed to the recent
review papers [286-288].

S Summary and Outlook

In this chapter, we try to outline the advances for the application of phthalocyanines
as functional molecular materials in the recent 5 years. The scope is further
converged to the topics of semiconducting materials for organic photovoltaic
cells and organic field effect transistors, functional photosensitizers for photody-
namic therapy and dye-sensitized solar cells, and single-molecule magnets. For
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each topic, selected examples have been emphasized to address the significant
achievement. Although great progress has been made in the field of functional
Pc’s, theoretical and technical challenges still exist for the practical applications.
The performance and efficiency need to be improved, which should rely on the deep
understanding of the structure—function relationship of Pc’s. The stability and the
bio- and environmental compatibility might be new challenges for researchers
involved in the phthalocyanine chemistry and related materials science.

Acknowledgement Financial support from the Natural Science Foundation of China, National
Key Basic Research Program of China (Grant Nos. 2012CB224801 and 2013CB933400), Beijing
Natural Science Foundation, and Fundamental Research Funds for the Central Universities is
gratefully acknowledged.

References

—_

. Leznoff CC, Lever ABP (eds) (1989) Phthalocyanines: properties and applications. VCH,
Cambridge
2. McKeown NB (1998) Phthalocyanine materials: structure, synthesis and function. Cam-
bridge University Press, Cambridge
3. Kadish KM, Smith KM, Guilard R (eds) (2003) Phthalocyanines: synthesis, vol 15, The
porphyrin handbook. Academic, San Diego
4. Kadish KM, Smith KM, Guilard R (eds) (2003) Phthalocyanines: structural characterization,
vol 20, The porphyrin handbook. Academic, San Diego
5. Kadish KM, Smith KM, Guiland R (eds) (2003) Phthalocyanines: spectroscopic and electro-
chemical characterization, vol 16, The porphyrin handbook. Academic, San Diego
6. Peumans P, Uchida S, Forrest SR (2003) Nature 425(6954):158-162
7. Horowitz G (1998) Adv Mater 10(5):365-377
8. Huang Q, Evmenenko GA, Dutta P, Lee P, Armstrong NR, Marks TJ (2005) J Am Chem Soc
127(29):10227-10242
9. Bonnett R (1995) Chem Soc Rev 24(1):19-33
10. He J, Benkoe G, Korodi F, Polivka T, Lomoth R, Kermark B, Sun L, Hagfeldt A, Sundstroem
V (2002) J Am Chem Soc 124(17):4922-4932
11. Ishikawa N, Sugita M, Ishikawa T, Koshihara S, Kaizu Y (2003) J Am Chem Soc 125
(29):8694-8695
12. de la Torre G, Vazquez P, Agullo-Lopez F, Torres T (2004) Chem Rev 104(9):3723-3750
13. Sorokin AB (2013) Chem Rev 113(10):8152-8191
14. Mele G, Del Sole R, Vasapollo G, Garcia-Lopez E, Palmisano L, Schiavello M (2003) J Catal
217(2):334-342
15. Reetz MT, Jiao N (2006) Angew Chem Int Ed 45(15):2416-2419
16. Zhang QM, Li H, Poh M, Xia F, Cheng ZY, Xu H, Huang C (2002) Nature 419
(6904):284-287
17. Somani PR, Radhakrishnan S (2003) Mater Chem Phys 77(1):117-133
18. Gryko D, Li J, Diers JR, Roth KM, Bocian DF, Kuhr WG, Lindsey JS (2001) J Mater Chem
11(4):1162-1180
19. van Nostrum CF, Picken SJ, Schouten A, Nolte RIM (1995) J] Am Chem Soc 117
(40):9957-9965
20. Matsushita O, Derkacheva VM, Muranaka A, Shimizu S, Uchiyama M, Luk’Yanets EA,
Kobayashi N (2012) J Am Chem Soc 134(7):3411-3418



Rec

21

22.
23.
24.
25.
26.
217.
28.
29.

30.
31.
32.
33.
34.
35.
36.

37.

38.

39.
40.
41.

42.
43.
44,
45.

46.
47.

48.
49.

50.
51.
52.
53.
54.

55.
56.

ent Advances in Phthalocyanine-Based Functional Molecular Materials 191

.Wang H, Qi D, Xie Z, Cao W, Wang K, Shang H, Jiang J (2013) Chem Commun 49
(9):889-891

Bottari G, de la Torre G, Guldi DM, Torres T (2010) Chem Rev 110(11):6768-6816
Bottari G, de la Torre G, Torres T (2015) Acc Chem Res 48(4):900-910

Spitler EL, Dichtel WR (2010) Nat Chem 2(8):672-677

Imahori H, Umeyama T, Kurotobi K, Takano Y (2012) Chem Commun 48(34):4032—4045
de la Torre G, Claessens CG, Torres T (2007) Chem Commun 43(20):2000-2015

Abel M, Clair S, Ourdjini O, Mossoyan M, Porte L (2011) J Am Chem Soc 133(5):1203-1205
Baeg K, Binda M, Natali D, Caironi M, Noh Y (2013) Adv Mater 25(31):4267-4295
Urdampilleta M, Klyatskaya S, Cleuziou JP, Ruben M, Wernsdorfer W (2011) Nat Mater 10
(7):502-506

Martinez-Diaz MV, de la Torre G, Torres T (2010) Chem Commun 46(38):7090-7108
Walter MG, Rudine AB, Wamser CC (2010) J Porphyrins Phthalocyanines 14(9):759-792
Wang X, Tamiaki H (2010) Energy Environ Sci 3(1):94-106

Bottari G, Trukhina O, Ince M, Torres T (2012) Coord Chem Rev 256(21-22):2453-2477
Ragoussi M, Ince M, Torres T (2013) Eur J Org Chem 2013(29):6475-6489

Singh VK, Kanaparthi RK, Giribabu L (2014) RSC Adv 4(14):6970-6984

Martin-Gomis L, Fernandez-Lazaro F, Sastre-Santos A (2014) J Mater Chem A 2
(38):15672-15682

Imahori H, Kurotobi K, Walter MG, Rudine AB, Wamser CC (2012) Porphyrin and phtha-
locyanine based solar cells. In: Kadish KM, Smith KM, Guilard R (eds) Handbook of
porphyrin science, vol 18. World Scientific, Singapore, pp 57-121

Kesters J, Verstappen P, Kelchtermans M, Lutsen L, Vanderzande D, Maes W (2015) Adv
Energy Mater. doi:10.1002/aenm.201500218

Trogler WC (2012) Struct Bond 142:91-118

Bill NL, Trukhina O, Sessler JL, Torres T (2015) Chem Commun 51(37):7781-7794
Rodriguez-Mendez ML, Apetrei C, Medina-Plaza C, Munoz R, de Saja JA (2014) Sensor
arrays based on phthalocyanines: new developments on nanostructured and biomimetic
electrochemical sensors. In: Lvova L, Kirsanov D, Di Natale C, Legin A (eds) Multisensor
systems for chemical analysis. Pan Stanford, Singapore, pp 139-179. doi:10.1201/b15491-5
Josefsen LB, Boyle RW (2012) Theranostics 2(9):916-966

Ishii K (2012) Coord Chem Rev 256(15-16):1556—-1568

Sekkat N, van den Bergh H, Nyokong T, Lange N (2012) Molecules 17:98—-144

Ali H, van Lier JE (2010) Porphyrins and phthalocyanines as photosensitizers and radiosen-
sitizers. In: Kadish KM, Smith KM, Guilard R (eds) Handbook of porphyrin science, vol
4. World Scientific, Singapore, pp 1-119

Nyokong T (2011) Pure Appl Chem 83(9):1763-1779

Pietrangeli D, Rosa A, Ristori S, Salvati A, Altieri S, Ricciardi G (2013) Coord Chem Rev
257(15-16):2213-2231

Jiang Z, Shao J, Yang T, Wang J, Jia L (2014) J Pharm Biomed 87:98-104

Sergeeva NN, Senge MO (2012) Photochemical transformations involving porphyrins and
phthalocyanines. In: Griesbeck A, Oelgemoller M, Ghetti F (eds) CRC handbook of organic
photochemistry and photobiology, vol 1, 3rd edn. CRC, Boca Raton, pp 831-879. doi:10.
1201/b12252-35

Ding L, Luan L, Shi J, Liu W (2013) Wuji Huaxue Xuebao 29(8):1591-1598, In Chinese
Komeda T, Katoh K, Yamashita M (2014) Prog Surf Sci 89(2):127-160

Chen J, Wang S, Yang G (2015) Wuli Huaxue Xuebao 31(4):595-611, In Chinese
Venugopal Rao S (2012) Proc SPIE 8434(Nonlinear Optics and Applications VI):84341B
Zagal JH, Griveau S, Silva JF, Nyokong T, Bedioui F (2010) Coord Chem Rev 254
(23-24):2755-2791

Sorokin AB, Kudrik EV (2010) Catal Today 159(1):37-46

Kadish KM, Smith KM, Guilard R (eds) (2010) Electronic absorption spectra-
phthalocyanines, vol 9, Handbook of porphyrin science. World Scientific, Singapore


http://dx.doi.org/10.1002/aenm.201500218
http://dx.doi.org/10.1201/b15491-5
http://dx.doi.org/10.1201/b12252-35
http://dx.doi.org/10.1201/b12252-35

192

57

58

59.
60.
61.
62.

63.

64.

65.

66.
67.
68.
69.
70.

71

72.
73.
74.
75.
76.

77

78.
79.

80.

81.

82.

83.

84

86.

87.

88.

89.

90.

Y. Bian and J. Jiang

.Bian Y, Zhang Y, Ou Z, Jiang J (2011) Chemistry of sandwich tetrapyrrole rare earth
complexes. In: Kadish KM, Smith KM, Guilard R (eds) Handbook of porphyrin science,
vol 14. World Scientific, Singapore, pp 249460

. Ragoussi M, Torres T (2014) Chem Asian J 9(10):2676-2707

Mack J, Kobayashi N (2011) Chem Rev 111(2):281-321

Dumoulin F, Ahsen V (2011) J Porphyrins Phthalocyanines 15(7-8):481-504

Cook MJ, Chambrier I (2011) J Porphyrins Phthalocyanines 15(3):149-173

Gorbunova YG, Martynov AG, Tsivadze AY (2012) Crown-substituted phthalocyanines.

From synthesis towards materials. In: Kadish KM, Smith KM, Guilard R (eds) Handbook of

porphyrin science, vol 24. World Scientific, Singapore, pp 271-388

Figueira F, Pereira PMR, Silva S, Cavaleiro JAS, Tome JPC (2014) Curr Org Synth 11

(1):110-126

Kobayashi N (2012) Synthesis and characterization of chiral phthalocyanines. In: Kadish

KM, Smith KM, Guilard R (eds) Handbook of porphyrin science, vol 23. World Scientific,

Singapore, pp 373440

Jiang J (2010) Functional phthalocyanine molecular materials. In: Mingos M (ed) Structure

bonding, vol 135. Springer, Berlin. doi:10.1007/978-3-642-04752-7

Nyokong T (2010) Struct Bond 135:45-88

Luo Q, Liu Y, Tian H (2010) Struct Bond 135:89-104

Bekaroglu O (2010) Struct Bond 135:105-136

Liu J, Lo P, Ng DKP (2010) Struct Bond 135:169-210

de la Torre G, Bottari G, Hahn U, Torres T (2010) Struct Bond 135:1-44

. Yoshimoto S, Kobayashi N (2010) Struct Bond 135:137-168

Zhang Y, Cai X, Bian Y, Jiang J (2010) Struct Bond 135:275-322

Li X, Wang H, Wu H (2010) Struct Bond 135:229-274

Ishikawa N (2010) Struct Bond 135:211-228

Tang CW (1986) Appl Phys Lett 48(2):183-185

Osedach TP, Andrew TL, Bulovi¢ V (2013) Energy Environ Sci 6(3):711-718

. Xu Z, Roy VAL, Low K, Che C (2011) Chem Commun 47(34):9654-9656

Qu D, Guo R, Yue S, Wu Y, Yan P, Cheng G (2014) J Phys D 47(41):415104

Meiss J, Merten A, Hein M, Schuenemann C, Schifer S, Tietze M, Uhrich C, Pfeiffer M,

Leo K, Riede M (2012) Adv Funct Mater 22(2):405-414

Brendel M, Krause S, Steindamm A, Topczak AK, Sundarraj S, Erk P, Hohla S, Fruehauf N,

Koch N, Pflaum J (2015) Adv Funct Mater 25(10):1565-1573

Beaumont N, Hancox I, Sullivan P, Hatton RA, Jones TS (2011) Energy Environ Sci 4

(5):1708-1711

Zhong S, Zhong JQ, Wang XZ, Huang MY, Qi DC, Chen ZK, Chen W (2012) J Phys Chem C

116(3):2521-2526

Verreet B, Miiller R, Rand BP, Vasseur K, Heremans P (2011) Org Electron 12

(12):2131-2139

. Vasseur K, Rand BP, Cheyns D, Froyen L, Heremans P (2011) Chem Mater 23(3):886-895

. Vasseur K, Rand BP, Cheyns D, Temst K, Froyen L, Heremans P (2012) J Phys Chem Lett 3

(17):2395-2400

Suzuki A, Furukawa R, Akiyama T, Oku T (2015) AIP Conf Proc 1649(1, Irago Conference

2014):107-112

Hori T, Fukuoka N, Masuda T, Miyake Y, Yoshida H, Fujii A, Shimizu Y, Ozaki M (2011)

Sol Energy Mater Sol Cells 95(11):3087-3092

Varotto A, Nam C, Radivojevic I, Tomé JPC, Cavaleiro JAS, Black CT, Drain CM (2010) J

Am Chem Soc 132(8):2552-2554

Jurow MJ, Hageman BA, DiMasi E, Nam C, Pabon C, Black CT, Drain CM (2013) J Mater

Chem A 1(5):1557-1565

Fischer MKR, Lépez-Duarte I, Wienk MM, Martinez-Diaz MV, Janssen RAJ, Béuerle P,

Torres T (2009) J Am Chem Soc 131(24):8669-8676


http://dx.doi.org/10.1007/978-3-642-04752-7

Recent Advances in Phthalocyanine-Based Functional Molecular Materials 193

91.
92.

93.
94.

95.
96.
97.

98.
99.

100.
101.

102
103

106.
107.

108.
109.

110.

111.

112.
113.

114
115

116.

117.

118.

119.

120.

121

123.
124.

Schumann S, Hatton RA, Jones TS (2011) J Phys Chem C 115(11):49164921

Ryan JW, Anaya-Plaza E, Escosura ADL, Torres T, Palomares E (2012) Chem Commun 48
(49):6094-6096

Jiang J, Ng DKP (2009) Acc Chem Res 42(1):79-88

Videlot C, Fichou D, Garnier F (1998) Mol Cryst Liq Cryst Sci Technol Sect A 322
(1):319-328

Liu L, Hu AT (2003) J Porphyrins Phthalocyanines 7(8):565-571

Liu MO, Hu AT (2004) J Organomet Chem 689(15):2450-2455

Wang Q, Li Y, Yan X, Rathi M, Ropp M, Galipeau D, Jiang J (2008) Appl Phys Lett 93
(7):73303

Li Y, Bian Y, Yan M, Thapaliya PS, Johns D, Yan X, Galipeau D, Jiang J (2011) J Mater
Chem 21(30):11131-11141

Tsumura A, Koezuka H, Ando T (1986) Appl Phys Lett 49(18):1210

Gao X, Zhao Z (2015) Sci China Chem 58(6):947-968

Mei J, Diao Y, Appleton AL, Fang L, Bao Z (2013) J Am Chem Soc 135(18):6724-6746

. Wang C, Dong H, Hu W, Liu Y, Zhu D (2012) Chem Rev 112(4):2208-2267
. Murphy AR, Fréchet JMJ (2007) Chem Rev 107(4):1066—-1096

104.
105.

Melville OA, Lessard BH, Bender TP (2015) ACS Appl Mater Interfaces 7(24):13105-13118
Li L, Tang Q, Li H, Hu W, Yang X, Shuai Z, Liu Y, Zhu D (2008) Pure Appl Chem 80
(11):2231-2240

Guillaud G, Madru R, Sadoun MA, Maitrot M (1989) J Appl Phys 66(9):4554

LiL, Tang Q, Li H, Yang X, Hu W, Song Y, Shuai Z, Xu W, Liu Y, Zhu D (2007) Adv Mater
19(18):2613-2617

Shaymurat T, Tang Q, Tong Y, Dong L, Liu Y (2013) Adv Mater 25(16):2269-2273
Huang W, Sinha J, Yeh M, Hardigree JFM, LeCover R, Besar K, Rule AM, Breysse PN, Katz
HE (2013) Adv Funct Mater 23(33):4094—4104

Fernandes EGR, Vieira NCS, de Queiroz AAA, Guimaraes FEG, Zucolotto V (2010) J Phys
Chem C 114(14):6478-6483

Sun L, Zhang J, Zhao F, Luo X, Lv W, Li Y, Ren Q, Wen Z, Peng Y, Liu X (2015)
Nanotechnology 26(18):185501

Zhang L, Wang H, Zhao Y, Guo Y, Hu W, Yu G, Liu Y (2013) Adv Mater 25(38):5455-5460
Maheshwari P, Mukherjee S, Bhattacharya D, Sen S, Tokas RB, Honda Y, Basu S, Padma N,
Pujari PK (2015) ACS Appl Mater Interfaces 7(19):10169-10177

. Jung JS, Lee JW, Kim K, Cho MY, Jo SG, Joo J (2010) Chem Mater 22(7):2219-2225
.Su 'Y, Wang C, Xie W, Xie F, Chen J, Zhao N, Xu J (2011) ACS Appl Mater Interfaces 3

(12):4662-4667

Deng W, Zhang X, Wang J, Shang Q, Gong C, Zhang X, Zhang Q, Jie J (2014) Org Electron
15(7):1317-1323

Liu W, Jackson BL, Zhu J, Miao C, Chung C, Park YJ, Sun K, Woo J, Xie Y (2010) ACS
Nano 4(7):3927-3932

LuoX,LiY,LvW,ZhaoF, SunL, Peng Y, Wen Z, Zhong J, Zhang J (2015) Nanotechnology
26(3):35201

Cao L, Chen S, Wei D, Liu Y, Fu L, Yu G, Liu H, Liu X, Wu D (2010) J Mater Chem 20
(12):2305-2309

Jiang L, Dong H, Meng Q, Tan J, Jiang W, Xu C, Wang Z, Hu W (2012) Adv Mater 24
(5):694-698

. Ward JW, Lamport ZA, Jurchescu OD (2015) ChemPhysChem 16(6):1118-1132
122.

Cao Y, Wei Z, Liu S, Gan L, Guo X, Xu W, Steigerwald ML, Liu Z, Zhu D (2010) Angew
Chem Int Ed 49(36):6319-6323

Pan F, Tian H, Qian X, Huang L, Geng Y, Yan D (2011) Org Electron 12(8):1358-1363
Huang L, Zhu F, Liu C, Treske U, Grobosch M, Tian H, Zhang J, Geng Y, Knupfer M, Yan D
(2012) Adv Funct Mater 22(21):4598-4607



194

125.

126.
127.

128.
129.

130.
131.
132.
133.

134.
135.
136.
137.
138.

139.
140.

141
142.
143.

144.
145.

146.

147.

148.
149.

150.
151.
152.

153.

154.
155.

156.
157.

158.
159.
160.
161.
162

Y. Bian and J. Jiang

Dong S, Tian H, Huang L, Zhang J, Yan D, Geng Y, Wang F (2011) Adv Mater 23
(25):2850-2854

Dong S, Bao C, Tian H, Yan D, Geng Y, Wang F (2013) Adv Mater 25(8):1165-1169
Chen Y, Su W, Bai M, Jiang J, Li X, Liu Y, Wang L, Wang S (2005) J] Am Chem Soc 127
(45):15700-15701

Su W, Jiang J, Xiao K, Chen Y, Zhao Q, Yu G, Liu Y (2005) Langmuir 21(14):6527-6531
Chen Y, Li R, Wang R, Ma P, Dong S, Gao Y, Li X, Jiang J (2007) Langmuir 23
(25):12549-12554

LiR,MaP, Dong S, Zhang X, Chen Y, Li X, Jiang J (2007) Inorg Chem 46(26):11397-11404
Gao Y,MaP, ChenY, Zhang Y, Bian Y, Li X, Jiang J, Ma C (2009) Inorg Chem 48(1):45-54
Ma P, Chen Y, Sheng N, Bian Y, Jiang J (2009) Eur J Inog Chem 2009(7):954-960

Chaure NB, Sosa-Sanchez JL, Cammidge AN, Cook MJ, Ray AK (2010) Org Electron 11
(3):434-438

Bao Z, Lovinger AJ, Brown J (1998) J Am Chem Soc 120(1):207-208

Keil C, Schlettwein D (2011) Org Electron 12(8):1376-1382

Jiang H, Ye J, Hu P, Wei F, Du K, Wang N, Ba T, Feng S, Kloc C (2014) Sci Rep 4:7573
Song D, Zhu F, Yu B, Huang L, Geng Y, Yan D (2008) Appl Phys Lett 75(14):143303
Song D, Wang H, Zhu F, Yang J, Tian H, Geng Y, Yan D (2008) Adv Mater 20
(11):2142-2144

Md Obaidulla SK, Goswami DK, Giri PK (2014) Appl Phys Lett 104(21):213302

Ma P, Kan J, Zhang Y, Hang C, Bian Y, Chen Y, Kobayshi N, Jiang J (2011) J Mater Chem
21(46):18552-18559

. Zaumseil J, Sirringhaus H (2007) Chem Rev 107(4):1296-1323

Bisri SZ, Piliego C, Gao J, Loi MA (2014) Adv Mater 26(8):1176-1199

Zhang Y, Dong H, Tang Q, Ferdous S, Liu F, Mannsfeld SCB, Hu W, Briseno AL (2010) J
Am Chem Soc 132(33):11580-11584

Fujimoto T, Matsushita MM, Awaga K (2013) J Phys Chem C 117(11):5552-5557

Nénon S, Kanehira D, Yoshimoto N, Fages F, Videlot-Ackermann C (2011) Synth Met 161
(17-18):1915-1920

Opitz A, Bronner M, Bruetting W, Himmerlich M, Schaefer JA, Krischok S (2007) Appl Phys
Lett 90(21):212111-212112

Kraus M, Richler S, Opitz A, Brutting W, Haas S, Hasegawa T, Hinderhofer A, Schreiber F
(2010) J Appl Phys 107(9):94503

Kraus M, Haug S, Bruetting W, Opitz A (2011) Org Electron 12(5):731-735

Opitz A, Horlet M, Kiwull M, Wagner J, Kraus M, Bruetting W (2012) Org Electron 13
(9):1614-1622

Yasuda T, Tsutsui T (2006) Jpn J Appl Phys 45(6L):L595

Zhong A, Bian Y, Zhang Y (2010) J Phys Chem C 114(7):3248-3255

Peng Y, Gao P, Lv W, Yao B, Fan G, Chen D, Xie J, Zhou M, Li Y, Wang Y (2013) IEEE
Photon Technol Lett 25(22):2149-2152

Hayashi H, Nihashi W, Umeyama T, Matano Y, Seki S, Shimizu Y, Imahori H (2011) J] Am
Chem Soc 133(28):10736-10739

Shi Y, Li X (2014) Org Electron 15(1):286-293

Guillaud G, Al Sadoun M, Maitrot M, Simon J, Bouvet M (1990) Chem Phys Lett 167
(6):503-506

Zhang Y, Cai X, Qi D, Bian Y, Jiang J (2008) J Phys Chem C 112(37):14579-14588

Chen Y, Li D, Yuan N, Gao J, Gu R, Lu G, Bouvet M (2012) J Mater Chem 22
(41):22142-22149

Kong X, Jia Q, Wu F, Chen Y (2015) Dyes Pigments 115:67-72

Kan J, Chen Y, Qi D, Liu Y, Jiang J (2012) Adv Mater 24(13):1755-1758

Li D, Wang H, Kan J, Lu W, Chen Y, Jiang J (2013) Org Electron 14(10):2582-2589
Kong X, Zhang X, Gao D, Qi D, Chen Y, Jiang J (2015) Chem Sci 6(3):1967-1972

. Zhang X, Chen Y (2014) Inorg Chem Commun 39:79-82



Recent Advances in Phthalocyanine-Based Functional Molecular Materials 195

163.

164.
. Hardin BE, Snaith HJ, McGehee MD (2012) Nat Photonics 6(3):162—-169
166.

165

167.
168.

169.

170.
171.

172.

173.

174.

175.

176

178.

179.

180.

181.

182.

183.

184.
185.

186.

187.
188.
189.
190.
191.
192.

193.
194.

195.

Gao D, Zhang X, Kong X, Chen Y, Jiang J (2015) ACS Appl Mater Interfaces 7
(4):2486-2493
O’Regan B, Gratzel M (1991) Nature 353(6346):737-740

Han L, Islam A, Chen H, Malapaka C, Chiranjeevi B, Zhang S, Yang X, Yanagida M (2012)
Energy Environ Sci 5(3):6057-6060

Li L, Diau EW (2013) Chem Soc Rev 42(1):291-304

Mathew S, Yella A, Gao P, Humphry-Baker R, Curchod BFE, Ashari-Astani N, Tavernelli I,
Rothlisberger U, Nazeeruddin MK, Gritzel M (2014) Nat Chem 6(3):242-247
Nazeeruddin MK, Humphry-Baker R, Gritzel M, Wohrle D, Schnurpfeil G, Schneider G,
Hirth A, Ttombach N (1999) J Porphyrins Phthalocyanines 03(03):230-237

Zhang L, Cole JM (2015) ACS Appl Mater Interfaces 7:3427-3455

Sharma D, Steen G, Korterik JP, Garcia-Iglesias M, Vazquez P, Torres T, Herek JL, Huijser
A (2013) J Phys Chem C 117(48):25397-25404

Lim B, Margulis GY, Yum J, Unger EL, Hardin BE, Gritzel M, McGehee MD, Sellinger A
(2013) Org Lett 15(4):784-787

Radivojevic I, Bazzan G, Burton-Pye BP, Ithisuphalap K, Saleh R, Durstock MF, Francesconi
LC, Drain CM (2012) J Phys Chem C 116(30):15867-15877

Hayat A, Shivashimpi GM, Nishimura T, Fujikawa N, Ogomi Y, Yamaguchi Y, Pandey SS,
Ma T, Hayase S (2015) Appl Phys Express 8(4):47001. doi:10.7567/APEX.8.047001

Barea EM, Ortiz J, Paya FJ, Fernandez-Lazaro F, Fabregat-Santiago F, Sastre-Santos A,
Bisquert J (2010) Energy Environ Sci 3(12):1985-1994

. Li R, Zhang X, Zhu P, Ng DKP, Kobayashi N, Jiang J (2006) Inorg Chem 45(5):2327-2334
177.

Cid J, Yum J, Jang S, Nazeeruddin MK, Martinez-Ferrero E, Palomares E, Ko J, Gritzel M,
Torres T (2007) Angew Chem Int Ed 46(44):8358-8362

Cid J, Garcia-Iglesias M, Yum J, Forneli A, Albero J, Martinez-Ferrero E, Vazquez P,
Gritzel M, Nazeeruddin MK, Palomares E, Torres T (2009) Chem Eur J 15(20):5130-5137
Garcia-Iglesias M, Cid J, Yum J, Forneli A, Vazquez P, Nazeeruddin MK, Palomares E,
Gratzel M, Torres T (2011) Energy Environ Sci 4(1):189-194

Garcia-Iglesias M, Yum J, Humphry-Baker R, Zakeeruddin SM, Péchy P, Vazquez P,
Palomares E, Gritzel M, Nazeeruddin MK, Torres T (2011) Chem Sci 2(6):1145-1150
Ragoussi M, Cid J, Yum J, de la Torre G, Di Censo D, Gritzel M, Nazeeruddin MK, Torres T
(2012) Angew Chem Int Ed 51(18):4375-4378

Ragoussi M, Yum J, Chandiran AK, Ince M, de la Torre G, Gritzel M, Nazeeruddin MK,
Torres T (2014) ChemPhysChem 15(6):1033-1036

Mori S, Nagata M, Nakahata Y, Yasuta K, Goto R, Kimura M, Taya M (2010) J] Am Chem
Soc 132(12):4054-4055

Kimura M, Nomoto H, Masaki N, Mori S (2012) Angew Chem Int Ed 51(18):4371-4374
Kimura M, Nomoto H, Suzuki H, Ikeuchi T, Matsuzaki H, Murakami TN, Furube A,
Masaki N, Griffith MJ, Mori S (2013) Chem Eur J 19(23):7496-7502

Ikeuchi T, Nomoto H, Masaki N, Griffith MJ, Mori S, Kimura M (2014) Chem Commun 50
(16):1941-1943

YuL, Zhou X, Yin Y, Liu Y, Li R, Peng T (2012) ChemPlusChem 77(11):1022-1027
YulL, Shi W, Lin L, Liu Y, Li R, Peng T, Li X (2014) Dalton Trans 43(22):8421-8430

Lin L, Peng B, Shi W, Guo Y, Li R (2015) Dalton Trans 44(12):5867-5874

Yu L, Shi W, Lin L, Guo Y, Li R, Peng T (2015) Dyes Pigments 114:231-238

Yu L, Fan K, Duan T, Chen X, Li R, Peng T (2014) ACS Sustain Chem Eng 2(4):718-725
Ince M, Medina A, Yum J, Yella A, Claessens CG, Martinez-Diaz MV, Gritzel M,
Nazeeruddin MK, Torres T (2014) Chem Eur J 20(7):2016-2021

LiY,LuP, Yan X, Jin L, Peng Z (2013) RSC Adv 3(2):545-558

Yamamoto S, Mori S, Wagner P, Mozer AJ, Kimura M (2015) Isr J Chem. doi:10.1002/ijch.
201500023

Ethirajan M, Chen Y, Joshi P, Pandey RK (2011) Chem Soc Rev 40(1):340-362


10.7567/APEX.8.047001
http://dx.doi.org/10.1002/ijch.201500023
http://dx.doi.org/10.1002/ijch.201500023

196

196.
197.
198.

199.

200.

201.

202.

203.
204.
205.
206.

207.
208.

209.
210.
211.
212.
213.
214.
215.
216.
217.
218.
219.
220.
221.

222.

223.
224.

225.
226.
2217.
228.
229.
230.
231.

232.
233.

Y. Bian and J. Jiang

Yuan A, Wu J, Tang X, Zhao L, Xu F, Hu Y (2013) J Pharm Sci 102(1):6-28

Zorlu Y, Dumoulin F, Durmus M, Ahsen V (2010) Tetrahedron 66(17):3248-3258

Chen X, Li Y, Wang A, Zhou L, Lu S, Zhou J, Lin Y, Wei S (2015) Dyes Pigments
114:93-104

Machacek M, Cidlina A, Novakova V, Svec J, Rudolf E, Miletin M, Kucera R, Simunek T,
Zimcik P (2015) J Med Chem 58(4):1736-1749

Liu W, Jensen TJ, Fronczek FR, Hammer RP, Smith KM, Vicente MGH (2005) J Med Chem
48(4):1033-1041

Luan L, Ding L, Zhang W, Shi J, Yu X, Liu W (2013) Bioorg Med Chem Lett 23
(13):3775-3779

Lu S, Ma YJ, Xuan HY, Wang A, Zhao B, Li XD, Zhou JH, Lin Y, Zhou L, Wei SH (2014)
RSC Adv 4(104):59759-59763

Bai M, Lo P, Ye J, Wu C, Fong W, Ng DKP (2011) Org Biomol Chem 9(20):7028-7032
Duan W, Lo P, Duan L, Fong W, Ng DKP (2010) Bioorg Med Chem 18(7):2672-2677

He H, Lo P, Ng DKP (2014) Chem Eur J 20(21):6241-6245

Ke M, Yeung S, Fong W, Ng DKP, Lo P (2012) Chem Eur J 18(14):4225-4233, S4221-
S4225

Ke M, Ng DKP, Lo P (2014) Chem Asian J 9(2):554-561

Zhang FL, Huang Q, Zheng K, Li J, Liu JY, Xue JP (2013) Chem Commun 49
(83):9570-9572

Zhang F, Huang Q, Liu J, Huang M, Xue J (2015) ChemMedChem 10(2):312-320

Lau JTF, Lo P, Fong W, Ng DKP (2012) J] Med Chem 55(11):5446-5454

Luan L, Ding L, Shi J, Fang W, Ni Y, Liu W (2014) Chem Asian J 9(12):3491-3497

Lau JTF, Lo P, Fong W, Ng DKP (2011) Chem Eur J 17(27):7569-7577

Lau JTF, Lo P, Tsang Y, Fong W, Ng DKP (2011) Chem Commun 47(34):9657-9659
Chan CMH, Lo P, Yeung S, Ng DKP, Fong W (2010) Cancer Biol Ther 10(2):126—134
Jiang X, Lo P, Tsang Y, Yeung S, Fong W, Ng DKP (2010) Chem Eur J 16(16):4777-4783
Jiang X, Yeung S, Lo P, Fong W, Ng DKP (2011) J Med Chem 54(1):320-330

Jiang X, Lo P, Yeung S, Fong W, Ng DKP (2010) Chem Commun 46(18):3188-3190

Lau JTF, Lo P, Jiang X, Wang Q, Ng DKP (2014) J Med Chem 57(10):4088-4097

Mew D, Wat CK, Towers GH, Levy JG (1983) J Immunol 130(3):1473-1477

Hayley P, Stamati I, Yahioglu G, Butt M, Deonarain M (2013) Antibodies 2(2):270-305
Mitsunaga M, Ogawa M, Kosaka N, Rosenblum LT, Choyke PL, Kobayashi H (2011) Nat
Med 17(12):1685-1691

Sano K, Mitsunaga M, Nakajima T, Choyke PL, Kobayashi H (2013) J Nucl Med 54
(5):770-775

Nakajima T, Sano K, Choyke PL, Kobayashi H (2013) Theranostics 3(6):357-365

Sato K, Nagaya T, Mitsunaga M, Choyke PL, Kobayashi H (2015) Cancer Lett 365
(1):112-121

Maawy AA, Hiroshima Y, Zhang Y, Heim R, Makings L, Garcia-Guzman M, Luiken GA,
Kobayashi H, Hoffman RM, Bouvet M (2015) PLoS One 10(3):e121989

Chen Z, Xu P, Chen J, Chen H, Hu P, Chen X, Lin L, Huang Y, Zheng K, Zhou S, Li R,
Chen S, Liu J, Xue J, Huang M (2014) Acta Biomater 10(10):4257-4268

Li R, Zheng K, Hu P, Chen Z, Zhou S, Chen J, Yuan C, Chen S, Zheng W, Ma E, Zhang F,
Xue J, Chen X, Huang M (2014) Theranostics 4(6):642-659

Zhou X, Zheng K, Li R, Chen Z, Yuan C, Hu P, Chen J, Xue J, Huang M (2015) Acta
Biomater 23:116-126

Gao D, Gao L, Zhang C, Liu H, Jia B, Zhu Z, Wang F, Liu Z (2015) Biomater 53:229-238
Moghimi SM, Hunter AC, Murray JC (2005) FASEB J 19(3):311-330

Kim BYS, Rutka JT, Chan WCW (2010) New Engl J Med 363(25):2434-2443

Zhao B, Duan W, Lo P, Duan L, Wu C, Ng DKP (2013) Chem Asian J 8(1):55-59

Hota R, Baek K, Yun G, Kim Y, Jung H, Park KM, Yoon E, Joo T, Kang J, Park CG, Bae SM,
Ahn WS, Kim K (2013) Chem Sci 4(1):339-344



Recent Advances in Phthalocyanine-Based Functional Molecular Materials 197

234.
235.

236.

237.
238.

239.
240.

241.
242.

243.
244.

245.
246.
247.
248.
249.
250.
251.
252.
253.
254.
255.
256.
257.

258.
259.

260.

261.
262.

263.

264.

265.

Jang W, Yim D, Hwang I (2014) J Mater Chem B 2(16):2202-2211

Master AM, Rodriguez ME, Kenney ME, Oleinick NL, Gupta AS (2010) J Pharm Sci 99
(5):2386-2398

Liang R, Ma L, Zhang L, Li C, Liu W, Wei M, Yan D, Evans DG, Duan X (2014) Chem
Commun 50(95):14983-14986

Taratula O, Schumann C, Duong T, Taylor KL, Taratula O (2015) Nanoscale 7(9):3888-3902
Brasch M, de la Escosura A, Ma Y, Uetrecht C, Heck AJR, Torres T, Cornelissen JJLM
(2011) J Am Chem Soc 133(18):6878-6881

Nyokong T, Antunes E (2013) Coord Chem Rev 257(15-16):2401-2418

Camerin M, Magaraggia M, Soncin M, Jori G, Moreno M, Chambrier I, Cook MJ, Russell
DA (2010) Eur J Cancer 46(10):1910-1918

Jang B, Park J, Tung C, Kim I, Choi Y (2011) ACS Nano 5(2):1086-1094

Cheng Y, Samia AC, Li J, Kenney ME, Resnick A, Burda C (2010) Langmuir 26
(4):2248-2255

Obaid G, Chambrier I, Cook MJ, Russell DA (2012) Angew Chem Int Ed 51(25):6158-6162
Stuchinskaya T, Moreno M, Cook MJ, Edwards DR, Russell DA (2011) Photochem
Photobiol Sci 10(5):822-831

Obaid G, Chambrier I, Cook MJ, Russell DA (2015) Photochem Photobiol Sci 14(4):737-747
Guo H, Qian H, Idris NM, Zhang Y (2010) Nanomed Nanotechnol Biol Med 6(3):486—495
Cui S, Chen H, Zhu H, Tian J, Chi X, Qian Z, Achilefu S, Gu Y (2012) J Mater Chem 22
(11):4861

Cui S, Yin D, Chen Y, Di Y, Chen H, Ma Y, Achilefu S, Gu Y (2013) ACS Nano 7
(1):676-688

Wang F, Chen X, Zhao Z, Tang S, Huang X, Lin C, Cai C, Zheng N (2011) J Mater Chem 21
(30):11244-11252

Abramczyk H, Brozek-Pluska B, Surmacki J, Musial J, Kordek R (2014) Analyst 139
(21):5547-5559

Giuliani F, Martinelli M, Cocchi A, Arbia D, Fantetti L, Roncucci G (2010) Antimicrob
Agents Chemother 54(2):637-642

Ke M, Eastel JM, Ngai KLK, Cheung Y, Chan PKS, Hui M, Ng DKP, Lo P (2014) Eur ] Med
Chem 84:278-283

Ke M, Eastel JM, Ngai KLK, Cheung Y, Chan PKS, Hui M, Ng DKP, Lo P (2014) Chem
Asian J 9(7):1868-1875

Mathew S, Murakami T, Nakatsuji H, Okamoto H, Morone N, Heuser JE, Hashida M,
Imahori H (2013) ACS Nano 7(10):8908-8916

Sessoli R, Gatteschi D, Caneschi A, Novak MA (1993) Nature 365(6442):141-143
Gatteschi D, Sessoli R (2003) Angew Chem Int Ed 42(3):268-297

Wang H, Wang B, Bian Y, Gao S, Jiang J (2016) Coord Chem Rev 306:195-216. doi:10.
1016/j.ccr.2015.07.004

Fukuda T, Shigeyoshi N, Yamamura T, Ishikawa N (2014) Inorg Chem 53(17):9080-9086
Gonidec M, Davies ES, McMaster J, Amabilino DB, Veciana J (2010) J Am Chem Soc 132
(6):1756-1757

Gonidec M, Krivokapic I, Vidal-Gancedo J, Davies ES, McMaster J, Gorun SM, Veciana J
(2013) Inorg Chem 52(8):4464—-4471

Gonidec M, Amabilino DB, Veciana J (2012) Dalton Trans 41(44):13632—-13639

Waters M, Moro F, Krivokapic I, McMaster J, Slageren JV (2012) Dalton Trans 41
(4):1128-1130

Glebe U, Weidner T, Baio JE, Schach D, Bruhn C, Buchholz A, Plass W, Walleck S,
Glaser T, Siemeling U (2012) ChemPlusChem 77(10):889-897

Katoh K, Isshiki H, Komeda T, Yamashita M (2011) Coord Chem Rev 255
(17-18):2124-2148

Katoh K, Umetsu K, Breedlove Brian K, Yamashita M (2012) Sci China Chem 55
(6):918-925


http://dx.doi.org/10.1016/j.ccr.2015.07.004
http://dx.doi.org/10.1016/j.ccr.2015.07.004

198

266.

267.
268.
269.
270.
271.
272.
273.
274.
275.
276.
271.
278.
279.
280.
281.
282.
283.

284.
285.

286.
287.
288.
289.
290.
291.

292.
293.

294.

29s.

296.

297.

Y. Bian and J. Jiang

Ganivet CR, Ballesteros B, de la Torre G, Clemente-Juan JM, Coronado E, Torres T (2013)
Chem Eur J 19(4):1457-1465

Gonidec M, Luis F, Vilchez A, Esquena J, Amabilino DB, Veciana J (2010) Angew Chem Int
Ed 49(9):1623-1626

Cao W, Gao C, Zhang Y, Qi D, Liu T, Wang K, Duan C, Gao S, Jiang J (2015) Chem Sci
6(10):5947-5954

Wang H, Wang K, Tao J, Jiang J (2012) Chem Commun 48(24):2973-2975

Ishikawa N, Otsuka S, Kaizu Y (2005) Angew Chem Int Ed 44(5):731-733

Katoh K, Kajiwara T, Nakano M, Nakazawa Y, Wernsdorfer W, Ishikawa N, Breedlove BK,
Yamashita M (2011) Chem Eur J 17(1):117-122

Katoh K, Asano R, Miura A, Horii Y, Morita T, Breedlove BK, Yamashita M (2014) Dalton
Trans 43(21):7716-7725

Sakaue S, Fuyuhiro A, Fukuda T, Ishikawa N (2012) Chem Commun 48(43):5337-5339
Kan J, Wang H, Sun W, Cao W, Tao J, Jiang J (2013) Inorg Chem 52(15):8505-8510

Cao W, Wang H, Shang H, Jiang J (2013) Zhongguo Xitu Xuebao 31(5):513-521
(in Chinese)

Wang H, Qian K, Wang K, Bian Y, Jiang J, Gao S (2011) Chem Commun 47(34):9624
Wang H, Liu T, Wang K, Duan C, Jiang J (2012) Chem Eur J 18(25):7691-7694

Fukuda T, Kuroda W, Ishikawa N (2011) Chem Commun 47(42):11686—11688

Fukuda T, Matsumura K, Ishikawa N (2013) J Phys Chem A 117(40):10447-10454

Shang H, Zeng S, Wang H, Dou J, Jiang J (2015) Sci Rep 5:8838

Katoh K, Horii Y, Yasuda N, Wernsdorfer W, Toriumi K, Breedlove BK, Yamashita M
(2012) Dalton Trans 41(44):13582—13600

Horii Y, Katoh K, Yasuda N, Breedlove BK, Yamashita M (2015) Inorg Chem 54
(7):3297-3305

Wang K, Qi D, Wang H, Cao W, Li W, Liu T, Duan C, Jiang J (2013) Chem Eur J 19
(34):11162-11166

Morita T, Katoh K, Breedlove BK, Yamashita M (2013) Inorg Chem 52(23):13555-13561
Blagg RJ, Ungur L, Tuna F, Speak J, Comar P, Collison D, Wernsdorfer W, McInnes EJL,
Chibotaru LF, Winpenny REP (2013) Nat Chem 5(8):673-678

Auwaerter W, Ecija D, Klappenberger F, Barth JV (2015) Nat Chem 7(2):105-120

Katoh K, Isshiki H, Komeda T, Yamashita M (2012) Chem Asian J 7(6):1154—-1169
Gottfried JM (2015) Surf Sci Rep 70(3):259-379

Komeda T, Isshiki H, Liu J, Zhang Y, Lorente N, Katoh K, Breedlove BK, Yamashita M
(2011) Nat Commun 2:217

Robles R, Lorente N, Isshiki H, Liu J, Katoh K, Breedlove BK, Yamashita M, Komeda T
(2012) Nano Lett 12(7):3609-3612

Komeda T, Isshiki H, Liu J, Katoh K, Shirakata M, Breedlove BK, Yamashita M (2013) ACS
Nano 7(2):1092-1099

Komeda T, Isshiki H, Liu J, Katoh K, Yamashita M (2014) ACS Nano 8(5):4866-4875
Vincent R, Klyatskaya S, Ruben M, Wernsdorfer W, Balestro F (2012) Nature 488
(7411):357-360

Thiele S, Balestro F, Ballou R, Klyatskaya S, Ruben M, Wernsdorfer W (2014) Science 344
(6188):1135-1138

Stepanow S, Honolka J, Gambardella P, Vitali L, Abdurakhmanova N, Tseng T,
Rauschenbach S, Tait SL, Sessi V, Klyatskaya S, Ruben M, Kern K (2010) ] Am Chem
Soc 132(34):11900-11901

Margheriti L, Chiappe D, Mannini M, Car P, Sainctavit P, Arrio M, de Mongeot FB, Cezar
JC, Piras FM, Magnani A, Otero E, Caneschi A, Sessoli R (2010) Adv Mater 22
(48):5488-5493

Mannini M, Bertani F, Tudisco C, Malavolti L, Poggini L, Misztal K, Menozzi D, Motta A,
Otero E, Ohresser P, Sainctavit P, Condorelli GG, Dalcanale E, Sessoli R (2014) Nat
Commun 5:4582



Recent Advances in Phthalocyanine-Based Functional Molecular Materials 199

298.

299.

300.

301.

302.

303.

304.

305.
306.

307.

308.

Malavolti L, Mannini M, Car P, Campo G, Pineider F, Sessoli R (2013) J Mater Chem C 1
(16):2935-2942

Candini A, Klyatskaya S, Ruben M, Wernsdorfer W, Affronte M (2011) Nano Lett 11
(7):2634-2639

Lopes M, Candini A, Urdampilleta M, Reserbat-Plantey A, Bellini V, Klyatskaya S, Marty L,
Ruben M, Affronte M, Wernsdorfer W, Bendiab N (2010) ACS Nano 4(12):7531-7537
Wang H, Qian K, Qi D, Cao W, Wang K, Gao S, Jiang J (2014) Chem Sci 5(8):3214-3320
Gonidec M, Biagi R, Corradini V, Moro F, De Renzi V, Del Pennino U, Summa D,
Muccioli L, Zannoni C, Amabilino DB, Veciana J (2011) J Am Chem Soc 133
(17):6603-6612

Klar D, Candini A, Joly L, Klyatskaya S, Krumme B, Ohresser P, Kappler J, Ruben M,
Wende H (2014) Dalton Trans 43(28):10686—-10689

Kyatskaya S, Mascar6s JRG, Bogani L, Hennrich F, Kappes M, Wernsdorfer W, Ruben M
(2009) J Am Chem Soc 131(42):15143-15151

Ganzhorn M, Klyatskaya S, Ruben M, Wernsdorfer W (2013) ACS Nano 7(7):6225-6236
Krull C, Balashov T, Kavich JJ, Mugarza A, Miedema PS, Thakur PK, Sessi V, Klyatskaya S,
Ruben M, Stepanow S, Gambardella P, Lodi Rizzini A (2011) Phys Rev Lett 107(17):177205
Lodi Rizzini A, Krull C, Balashov T, Mugarza A, Nistor C, Yakhou F, Sessi V, Klyatskaya S,
Ruben M, Stepanow S, Gambardella P (2012) Nano Lett 12(11):5703-5707

Malavolti L, Poggini L, Margheriti L, Chiappe D, Graziosi P, Cortigiani B, Lanzilotto V, de
Mongeot FB, Ohresser P, Otero E, Choueikani F, Sainctavit P, Bergenti I, Dediu VA,
Mannini M, Sessoli R (2013) Chem Commun 49(98):11506-11508



Struct Bond (2017) 172: 201-290

DOI: 10.1007/430_2015_204

© Springer International Publishing Switzerland 2016
Published online: 10 March 2016

Transition Metal-Based Photofunctional
Materials: Recent Advances and Potential
Applications

Hok-Lai Wong, Margaret Ching-Lam Yeung, and Vivian Wing-Wah Yam

Abstract This chapter highlights the importance of structure—property relation-
ships in transition metal complexes for the construction of molecular- and
supramolecular-based photofunctional materials and summarizes the recent
advancements of this class of complexes with potential applications in the areas
of energy, catalysis, materials, biology, and diagnostics.
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[Ir(ppy)s]  Tris(2-phenylpyridine)iridium(III)

4-ppy 4-Phenylpyridine

bda 2,2'-Bipyridine-6,6’-dicarboxylate
BIBP 4.,4'-Dialkylbipyridinium

bpm 2,2'-Bipyrimidine

bpy 2,2'-Bipyridine

bpz 2,2'-Bipyrazine

bzimpy 2,6-Bis(benzimidazol-2-yl)pyridine

CBPQT Cyclobis(paraquat-p-phenylene)

CDh p-Cyclodextrin

CIE Commission Internationale de L’Eclairage
CRI Color rendering index

DABCO 1,4-Diazabicyclo[2.2.2]octane

DAE 1,2-Diarylethene

DIP 4,7-Diphenyl-1,10-phenanthroline
dmgBF, (Difluoroboryl)dimethylglyoxime
dppee 1,2-Bis(diphenylphosphino)ethene
DSSCs Dye-sensitized solar cells

er. Enantiomeric ratio

EQE External quantum efficiency

Flrpic Bis[(4,6-difluorophenyl)pyridinato-N ,C2] (picolinato)iridium(III)
FRET Forster resonance energy transfer
H,bda 2,2'-Bipyridine-6,6’-dicarboxylic acid
HOMO Highest occupied molecular orbital
HTI Hemithioindigo

ILCT Intraligand charge transfer

IQE Internal quantum efficiency

LF Ligand field

LLCT Ligand-to-ligand charge transfer
LUMO Lowest unoccupied molecular orbital
MC Merocyanine

*MLCT Triplet metal-to-ligand charge transfer
MLCT Metal-to-ligand charge transfer
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*MMLCT  Triplet metal-metal-to-ligand charge transfer

MOFs Metal-organic frameworks

NHCs N-Heterocyclic carbenes

NIR Near-infrared

NLO Nonlinear optical

NPB 4,4'-Bis[N-(1-naphthyl)-N-phenylamino]biphenyl
OEC Oxygen-evolving complex

OLEDs Organic light-emitting diodes

PCE Power conversion efficiency

PCET Proton-coupled electron transfer

PET Photo-induced electron transfer

phen 1,10-Phenanthroline

PHOLEDs Phosphorescent organic light-emitting diodes
PLEDs Polymer light-emitting diodes

PMMA Poly(methyl methacrylate)
PPE-SO3;~  Poly(phenylene ethynylene sulfonate)

SMMs Single-molecule magnets

TADF Thermally activated delayed fluorescence
TEOA Triethanolamine

TONs Turnover numbers

TTF Tetrathiafulvalene

WOLEDs  White organic light-emitting diodes
WPLEDs  White polymer light-emitting diodes

1 Introduction

Coordination of transition metal centers to organic frameworks provides enormous
synthetic diversity, which originates from the variation in the nature of the metal
centers, bonding modes of metal complexation as well as ligand designs, and
constitutes a representative class of building blocks. Rational design of transition
metal complexes with the incorporation of versatile functionalities provides not
only the tuning of electronic absorption, luminescence, and excited-state redox
properties but also their diverse photofunctional properties, which leads to their
employment in recent advanced technologies. These also indicate the importance of
the structure—property relationships of this class of complexes for the design of
molecular-based photofunctional materials. The accessibility of triplet excited
states in this class of heavy metal-containing complexes provided by efficient
intersystem crossing via enhanced spin—orbit coupling allows their utilization as
triplet emitters in PHOLEDs with IQEs of unity. Functionalization of the transition
metal complexes with custom-made ligands imparts them with unique and rich
photophysical properties that lead to the development of PHOLEDs of whole-
visible-spectrum colors as well as photosensitizers and light-harvesting dyes that
are panchromatic. High flexibility of coordination modes and diversity of oxidation
states give rise to the metal-based artificial photosynthetic systems with rich
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excited-state chemistry, which could not be offered by the simple organic counter-
parts. Their improved absorptivity in the visible region also demonstrates the impor-
tance of metal complexation to the organic framework for the construction of
efficient artificial photosynthetic systems. Photo-responsive systems and molecular
machines constructed from transition metal complexes have also benefited from the
ease of step-by-step synthesis, tunability, and the use of less destructive, lower-
energy triggering light sources. Moreover, long-lived phosphorescence along with
large Stokes shifts favor the employment of this class of complexes in the design of
sensing probes applicable in biological environments because of the minimized
interferences from short-lived background autofluorescence. Prominent sensitivities
of their triplet excited-state properties toward microenvironmental changes give rise
to the sensitive response of these biological sensors. Apart from that, supramolecular
non-covalent metal-metal interactions are observed for some of the transition metal
complexes, which govern their photophysical as well as structural properties. The
utilization of supramolecular assembly behaviors for the design of photofunctional
materials has expanded the research dimension to supramolecular-based materials
beyond the molecular levels, attributed to the diversity originating from their hierar-
chical complexity which offers unlimited possibilities. In this chapter, recent
advancements of the class of transition metal complexes since 2007 with diverse
ranges of photofunctional properties being utilized in the applications of OLEDs,
DSSCs, artificial photosynthesis, photo-switchable functional materials, molecular
machines, as well as biological detection, imaging, and diagnostics will be discussed.
In addition, the potential applications of the supramolecular-based materials with
photofunctional properties have also been highlighted.

2 Highlights of Recent Developments of Highly Efficient
Transition Metal-Based OLEDs

The phosphorescence nature arising from enhanced intersystem crossing as a result of
large spin—orbit coupling attributed to the presence of heavy metal center endows the
classes of transition metal complexes with attractive features to serve as promising
candidates for the fabrication of PHOLEDs based on triplet harvesting effect
[1]. Both singlet and triplet excitons formed by the recombination of electro-
generated hole and electron can be harvested to achieve an IQE of unity. The ease
of tuning emission energy via judicious structural modification on the transition metal
complexes leads to the construction of desirable emitters of monochromatic and
white OLEDs, which can be potentially utilized in flat-panel displays and solid-state
lightings. Systematic studies reported by Yersin and coworkers have also indicated
that increasing metal contribution in the lowest-lying triplet excited state of transition
metal complexes would result in significant zero-field splitting of triplet state into
substates [1]. Such high metal characters would give rise to not only the reduction of
energy difference between the singlet and the lowest-lying triplet excited states which
facilitates singlet-triplet intersystem crossing but also the relaxation of spin
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forbiddenness of the transition from the lowest-lying triplet excited state to singlet
ground state which leads to an increase in the radiative decay rate and a shortening of
emission lifetime [1]. In contrast to the millisecond-range lifetime of pure organic
phosphors, the microsecond to submicrosecond regime of radiative lifetimes of
transition metal complexes contributes critical significance in PHOLED fabrication
because the problems of efficiency roll-off ascribed to triplet-triplet annihilation and
saturation effect at increased current density can be effectively avoided [2].

[Ir(ppy)s] has been serving as the prototype for triplet emitters in monochro-
matic green PHOLEDs because of its high photoluminescence quantum yield,
microsecond-range lifetime, as well as pronounced thermal stability and robustness
[3]. Recent reports indicated its significant zero-field splitting of 170 cm ™", illus-
trative of the substantial involvement of *MLCT character in the emissive excited
states, and this accounts for its optimal properties being utilized as the triplet
emitter in PHOLEDs [3]. Extensive studies on the construction of devices based
on the class of iridium(IIT) complexes have blossomed and led to a versatile library
of whole-visible-spectrum monochromatic triplet emitters, in which PHOLEDs for
the three primary colors with EQEs exceeding the predicted upper limit of 20%
have been achieved [2, 4]. Investigations on the utilization of platinum(II), osmium
(ID), and ruthenium(II) complexes for the fabrication of monochromatic PHOLEDs
have also been well documented [2, 4-7].

WOLEDs can be constructed by mixing the emitters of three primary colors
(blue, green, and red) or two complementary colors (blue and orange/yellow). In
contrast to the versatile range of high-efficiency red and green PHOLEDs, design of
triplet emitters for blue PHOLEDs remains challenging in terms of color purity,
stability, and quantum efficiency. This has been attributed to the large energy gap
between HOMO and LUMO required for the emitters as well as the presence of the
relatively low-lying d-d LF states which would provide a non-radiative decay
pathway [7, 8]. Construction of efficient triplet emitters with blue electrolumines-
cence based on the utilization of iridium(III) complexes functionalized with high
triplet energy-containing or electron-withdrawing ligands has been extensively
explored [4, 5], while only few examples have been demonstrated with the use of
other metal centers. Li and coworkers have utilized a difluoro-containing
cyclometalated platinum(II) complex for the fabrication of blue PHOLEDs with a
maximum EQE of 16% (Fig. 1a) [9]. A tetradentate platinum(II) complex reported
by Li and coworkers has been fabricated as deep-blue PHOLEDs, exhibiting
narrow electroluminescence spectral bandwidth and high spectral purity with CIE
coordinates of (0.15, 0.08) as well as a maximum EQE of 24.8% (Fig. 1b)
[10]. Recently, a demonstration on the use of a platinum(Il) complex with spiro-
acridine-containing tetradentate ligand for sky-blue PHOLED fabrication has been
reported through the collaborative efforts of Chi, Chang, Chou, and Robertson, with
a maximum EQE of 15.3% achieved (Fig. 1c) [11]. However, challenges associated
with energy transfer between multiple emitters leading to voltage-dependent color
changes and differential aging arisen from the variation in lifetimes of each emitter
would be of critical concern for the WOLED fabrication upon the mixing of
emitters of different colors [12]. In contrast to the d° counterparts of octahedral
geometry, coordinate unsaturated d® platinum(Il) complexes with sterically
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Fig. 1 Chemical structures of platinum(Il) complexes with (a) difluoro-containing
cyclometalating ligand [9], (b) phenylimidazole-containing tetradentate ligand [10], and (c)
spiro-acridine-containing tetradentate ligand [11], which are utilized for blue PHOLED fabrication

undemanding ligands have been shown to exhibit strong propensity to assemble
into oligomers in the solid state, along with red-shifted emission originated from the
excited state associated with non-covalent metal-metal and/or n—r stacking inter-
actions [13-16]. Such propensity has led to the exploitation of single-dopant
WOLEDs based on the utilization of the simultaneous emission arisen from the
monomers and aggregates or excimers of this class of complexes. Initiated by the
first successful demonstration by Thompson and coworkers on the use of the
excimer-forming platinum(II) complexes for the construction of phosphorescent
single-dopant WOLED by judicious tuning of the dopant concentrations (Fig. 2a)
[12, 17], increasing attention and continuous efforts have been made to improve the
performance of platinum(Il)-based single-dopant WOLEDs. By making use of the
blue emission from the hole-transporting layer of NPB, Zhou, Wong, Ma and
coworkers have prepared single-dopant WOLEDs based on the green-emitting
platinum(II) complexes (Fig. 2b) [18]. Owing to the matched LUMO levels of the
NPB and these green emitters, transfer of electrons from the emitting layer to the
NPB layer followed by the combination with the holes injected from the anode
would give rise to the blue electroluminescence. With the combination of the blue
color from NPB and green and orange-red electroluminescence originating from the
monomeric and excimeric forms of the triplet emitters, a well-balanced white
illumination has been achieved. Introduction of two dimethylamino moieties to a
blue-emissive cyclometalated platinum(II) complex has been shown by the group
of Cocchi and Williams to control the excimer formation of this complex, with the
emission of the aggregates covering the midrange of visible spectrum instead of
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Fig. 2 Chemical structures of platinum(II) complexes reported by the groups of (a) Thompson
[12, 17], (b) Zhou, Wong, and Ma [18], (¢) Cocchi and Williams [19], (d) Che [20, 21], and (e) Li
[22], which are utilized for single-dopant WOLED fabrication

extending to the NIR region (Fig. 2¢) [19]. The good coverage of this complex in
the visible spectral region upon the modulation of monomer/excimer formation has
given rise to WOLEDs with CIE coordinates of (0.36, 0.37) and CRI of 87.
Recently, a series of tetradentate platinum(II) complexes reported by Che and
coworkers has been shown to exhibit strong dependence of their intermolecular
interactions as well as the ratio of monomer/excimer emission from the
corresponding device on the length of alkyl chains (Fig. 2d) [20, 21]. A vacuum-
deposited single-dopant device based on the butyl chain-containing complex with
well-balanced white electroluminescence has been constructed with maximum
EQE of 16.5% achieved [20]. In addition, solution-processable WPLEDs based
on the complex with ethyl chains were demonstrated with a maximum EQE of
12.7%, of which the efficiency is the highest among the reported single-dopant
WPLEDs and comparable to the WPLEDs of highest performance based on multi-
emitters [21]. Li and coworkers have utilized a blue-emitting platinum(II) bis(N-
methyl-imidazolyl)benzene complex for the fabrication of monomer/excimer-
based WOLEDs with a maximum EQE of 20.1% (Fig. 2e) [22]. In addition, the
device has been shown to exhibit CIE coordinates of (0.33, 0.33) and CRI of
80 with its electroluminescence properties independent of the current density,
which is desirable for high-quality white illumination.

Exploration on the use of other transition metal complexes as emitters in
PHOLEDs has also been initiated. Incorporation of strong c-donating alkynyl
ligands to bis-cyclometalated gold(IIl) moiety has been demonstrated by Yam
and coworkers to enhance the luminescence properties of the resultant complexes
(Fig. 3a), owing to the destabilization of the non-emissive d-d LF states [23]. Such
charge-neutral complexes have been found to be thermally stable and employed as
phosphorescent emitters for the fabrication of PHOLEDs by vacuum deposition.
Upon increasing voltages, devices with the phenylethynyl-containing gold(III)
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Fig. 3 Chemical structures

of gold(IIl) complexes with

(a) bis-cyclometalating (a)

ligand [23], (b) 2,5- 1
difluorophenyl-containing N’

bis-cyclometalating ligand O | O

[24, 251, and (c) fluorene Au O
moiety-containing bis-

cyclometalating ligand [26],
which are utilized for R
PHOLED or PLED R = CgHs
fabrication

CeHaN(CeHs)z-p Ry= CgH4N(CgH5)-p

Gn=1,2and 3 for
first, second and third
generation of dendrimer,
respectively

complex as emitter have been found with emission colors changed from orange to
blue, which are originated from the oligomeric/excimeric emission arising from the
n-stacking of the bis-cyclometalating ligand and the emission from adjacent hole-
transporting layer, respectively. Extended conjugation on bis-cyclometalating
ligand has been shown by the same group to further enhance the luminescence
properties of this class of complexes. The photoluminescence quantum yield of the
thin film of the 2,6-diphenyl-4-(2,5-difluorophenyl)pyridine gold(III) complex
(Fig. 3b) doped in PMMA has been found to increase with respect to that of the
control complex in Fig. 2a [24]. In addition, a high-performance device with such
complex functioned as the emitter with optimized dopant concentration of 4% has
been achieved, exhibiting green electroluminescence with a maximum EQE of
11.5% that is comparable to that of the [Ir(ppy);]-based devices. Advantaged by
the enhanced solubility upon the incorporation of dendritic structure with carbazole
as dendrons and fert-butyl functionalities as surface groups, dendritic alkynylgold
(II) complexes have been fabricated by Yam and coworkers as relatively low-cost
solution-processable PHOLEDs (Fig. 3b) [25]. High-efficiency devices based on
the use of an alkynylgold(IIT) complex containing the first generation of dendrimer
has been determined with an EQE of 7.8%. More importantly, reduced
bathochromic shift has been observed for the device emission with the use of higher
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generations of dendrimers upon increasing dopant concentration. This is indicative
of an effective control on the degree of intermolecular interactions and hence the
fine-tuning of emission color of these solution-processable PHOLEDs. Che and
coworkers have reported color-tunable PLEDs constructed from a yellow-emitting
fluorene moiety-containing bis-cyclometalated alkynylgold(IIl) complex and the
blue-emitting Flrpic with a maximum EQE of 13.2% achieved (Fig. 3c) [26]. Yel-
low electroluminescence has been observed at low driving voltage due to efficient
energy transfer from Flrpic to the gold(III) emitter. Increasing voltage would result
in the observation of white color owing to an increase in the blue component of the
electroluminescence of the devices. Further increase in voltage would lead to the
blue electroluminescence of Flrpic due to the saturation of the triplet excited state
of the gold(III) emitter and hence the blocking of energy transfer pathway. Similar
strategy has also been employed for the fabrication of color-tunable vacuum-
deposited OLEDs based on the cyanide-containing analogue with a maximum
EQE of 22.0% achieved (Fig. 3c) [26].

Non-porphyrin-containing palladium(II) complexes with luminescence proper-
ties are rarely reported, attributed to the non-emissive thermally accessible d-d LF
states leading to effective non-radiative decay [27]. Upon coordination of strong
o-donating tetradentate ligands to the palladium(II) center, destabilization of the
d-d LF states as well as the increased rigidity of the structural scaffold led to the
reduction of non-radiative decay resulting from ligand distortion, leading to the
enhanced luminescence properties of the palladium(II) complex as shown in Fig. 4a
[27]. The high thermal stability of this complex enables its employment as the
emitter in PHOLEDs with green emission by vacuum deposition. A maximum EQE
of 7.4% has been determined for the device, which is comparable to those reported
for PHOLEDs based on platinum(II) complexes. Recent work by Li and coworkers
has demonstrated the preparation of a tetradentate palladium(II) complex for
vacuum-deposited OLED fabrication, with green electroluminescence and maxi-
mum EQE of 20.4% (Fig. 4b) [28].

Research dimensions in OLEDs have also been directed toward the exploration
on the use of earth-abundant and low-cost metals, e.g., copper(I) and zinc
(II) complexes, as the alternative candidates for OLED fabrication. This has been
attributed to the lack of emission quenching pathways via the population of d-d LF
excited states for this class of metal complexes of d'® electronic configuration, as

Fig.4 Chemical structures of palladium(II) complexes reported by the groups of (a) Che [27] and
(b) Li [28], which are utilized for PHOLED fabrication
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well as their exhibition of TADF, arising from the occurrence of reverse
intersystem crossing at ambient temperature owing to the small energy separation
between the lowest-lying singlet and triplet excited states [29, 30]. Extensive
investigations on the temperature-dependent luminescence properties of the class
of copper(I) complexes have been performed by Yersin and coworkers, which have
indicated that TADF emitters would allow the singlet harvesting of both singlet and
triplet excitons by the fluorescent excited state in the electroluminescence process
[29, 30]. This would lead to enhanced luminescence at ambient temperature and
shortened radiative decay time that is advantageous for minimizing the efficiency
roll-off upon increasing current densities. Thermally stable bis(phosphine)-
diarylamido dinuclear copper(I) complex [31], bis(ditolylphosphino)benzene cop-
per(I) complex [32], and bis(hydroxylphenylbenzoxazole)zinc(II) complex [33]
reported by the groups of Peters, Osawa, and Adachi, respectively, have been
found to exhibit TADF as confirmed by temperature-dependent time-resolved
photoluminescence and lifetime measurements (Figs. 5 and 6a, b). They have
been demonstrated to function as emitters in vapor-deposited OLEDs with green
emission and maximum EQEs of 16.1%, 21.3%, and 19.6% attained, respectively.
Recent work by Yersin and coworkers has reported a photoluminescence quantum
yield of a dinuclear copper(I) complex in powder form of 92% at ambient temper-
ature with short luminescence lifetime (Fig. 6¢) [34]. Its emission has been assigned
to originate from the lowest-lying triplet state due to direct phosphorescence in
addition to that from the singlet excited state due to TADF. Such additional
phosphorescence decay pathway has been attributed to the efficient spin—orbit
coupling. This has been supported by the large zero-field splitting of the lowest-
lying triplet excited state and a relatively fast radiative decay rate from the lowest-
lying triplet excited state to singlet ground state with respect to that of the copper
(I) complexes with normally millisecond-ranged phosphorescence lifetimes due to
the relatively weak spin—orbit coupling [34]. The unusual feature of this complex

Fig. 5 Formation of bis-

(phosphine)diarylamido ‘Bu

dinuclear copper(I)

complex. Reprinted with
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Fig. 6 Chemical structures of copper(I) and zinc(Il) complexes reported by the groups of (a)
Osawa [32], (b) Adachi [33], and (c) Yersin [34], which have been found to exhibit TADF

with additional phosphorescence decay pathway has opened up a new avenue for
the design of efficient copper(I)-based OLED emitters with an overall radiative
lifetime that has been remarkably shortened.

3 Recent Advances of Transition Metal Complexes
as Sensitizers for Light-Harvesting and Artificial
Photosynthetic Systems

Material development for solar energy harvesting has received enormous attention
recently to meet the increasing global energy demand. Researchers have been
trying to understand and mimic how photosynthesis is done by Mother Nature,
which has proven to be a successful process for millions of years. Materials
featuring long-lived charge-separated state, wide light absorption range from vis-
ible to NIR region, high absorptivity, low cost, ease of tuning of photophysical
properties and spatial arrangements, as well as high photo- and electrochemical
stability are highly desirable. Inspired by chlorophyll and other plant pigments,
transition metal complexes offer unique advantages of structural diversity and long-
lived excited states over their organic counterparts. These facilitate efficient and
fine-tuning of energy levels and promote controlled energy transfer, electron
transfer, and PCET after photo-excitation. In this section, recent advances in
various selected transition metal complexes for DSSCs [35-95] and artificial
photosynthetic systems [96-235] will be introduced.
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3.1 Transition Metal Complexes for Dye-Sensitized Solar
Cells

Among different materials for solar energy harvesting, ruthenium(II) polypyridine
complexes for DSSCs, pioneered by Gritzel in 1991 [49], represent an important
class of transition metal-containing sensitizers. The operation principle involves
light absorption by the photosensitizer to generate the excited state. Electron
injection occurs subsequently to the conduction band of the titanium dioxide,
resulting in a charge-separated state, oxidized sensitizer, and photocurrent that
flow through the external circuit. The presence of redox mediator facilitates the
regeneration of the photosensitizer to continue the solar-harvesting cycle. The
schematic diagram for the operation of DSSC is shown in Fig. 7a. Optimization
of DSSC materials and device structures to achieve better electron injection,
electron collection, dye regeneration, solar spectrum coverage, device stability,
and minimizing unfavorable charge recombination process will be essential.
Ruthenium(Il)-based dyes show various intrinsic advantages in the area of
DSSCs, including strong MLCT transition in the visible to NIR region, good energy
match with the conduction band of titanium dioxide and I"/I;~ redox couple, and
good stability. One particular class of ruthenium(II)-based sensitizers with general
formula [Ru(L)(L)(SCN),], where L and L’ are diimine ligands, shows impressive
performance. Due to its synthetic versatility, a lot of work have been done to
structurally modify the sensitizer and optimize the DSSC device performance at
the molecular level. By fixing one ligand (L) with 2,2'-bipyridine-4,4'-dicarboxylic
acid as anchoring group and varying the substituents on another diimine ligand (L"),
structure—property relationship has been systematically investigated and compared
with the ruthenium(II) dye, N3, reported by Gritzel and coworkers with PCE of
10% in 1993 [50]. In 2007, Zakeeruddin, Gritzel and coworkers functionalize the
bipyridine ligand with methoxyphenylethene group and reported a highly efficient
DSSC (up to 9.5%) exhibiting long-term stability (up to 1,000 h) [51]. Transient
absorption spectroscopic experiment was done to understand the dye regeneration
kinetics in the presence and absence of the redox mediator [51]. Other than
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Fig. 7 (a) Schematic diagram of an operative TiO,-DSSC using the I37/I" redox couple in the
electrolyte (/TO indium tin oxide, Pt platinum, FTO fluorine-doped tin oxide, TCO transparent
conductive oxide). Reprinted with permission from Nazeeruddin, Torres and coworkers
[47]. Copyright 2014 American Chemical Society. (b) Selected examples of ruthenium(Il)
diimine-based dyes [49-65]
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carbocycles [51-54], heterocyclic rings with solubilizing groups including
oligothiophene [55-62], thienothiophene [59], ethylene-diethoxythiophene [55],
furan [57], and others [63—65] have also been introduced to enhance the DSSC
performance and the processability. Wu, Ho and coworkers reported the use of the
electron-rich hole-transporting thienylcarbazole group to construct ruthenium(Il)-
based DSSC [57]. Under the same experimental condition, this sensitizer shows
better PCE (9.72%) than the N3 dye (8.51%), probably due to the more red-shifted
and stronger absorption in the visible to NIR region. Lin and coworkers introduced
alkyl heterocycles, such as fluorene, carbazole, and dithieno[3,2-5:2',3'-d]pyrrole,
in the ancillary bipyridine ligand [65]. Improved processability and bathochromic
shift was observed due to the presence of alkyl chains and extended w-conjugation,
respectively. This class of complexes showed PCEs from 5.94% to 6.91% (versus
N719 7.13%) [65]. Selected examples of ruthenium(II) diimine-based DSSCs are
shown in Fig. 7b.

To extend the lifetime of the DSSCs, another approach is to use tridentate
terpyridine ligands instead of bidentate bipyridine ligands to achieve more stable
complexation. Trithiocyanato-4,4’,4"-tricarboxy-2,2":6’,2"-terpyridine ruthenium
(Il) complex, known as black dye, is a well-known example reported by
Nazeeruddin, Gritzel and coworkers, showing overall conversion efficiency of
10.4% in 2001 [66]. Han and coworkers functionalize the terpyridine ligand with
the 4-methylstyryl group (Fig. 8) [67]. This n-extended dye shows a more intense
absorption in the UV, visible, and NIR region when compared to the black dye,
resulting in a better light-harvesting ability, better photocurrent, and improved PCE
of 11.1%. Chou, Chi and coworkers replaced two thiocyanate ligands with mono-
anonic, bidentate pyridine—pyrazolate ligands (Fig. 8) and obtained a remarkable
PCE of 10.05% (versus black dye, 9.07%) [68]. The replacement of the thiocyanate
ligand is considered to be beneficial toward the device lifespan due to the relatively
weaker bond of Ru—-NCS, which shows notable decomposition during the device
operation. The same research group later replaced all three thiocyanate ligands by
another tridentate, dianionic pyridine—bis(pyrazolate) ligand to yield a heteroleptic
ruthenium(II) sensitizer (Fig. 8) [69]. The device shows impressive performance of
10.7%, ruling out the absolute need of the thiocyanate ligands in ruthenium(II)
sensitizers. In addition, the use of two tridentate ligands also eliminates the prob-
lematic isomerization from the synthetic point of view, resulting in easier purifica-
tion and better product yields.

HOOC

Fig. 8 Selected examples of terpyridine-containing ruthenium(II) sensitizers [67—69]
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Fig. 9 Selected examples of cyclometalated ruthenium(Il) sensitizers [73, 77]

To replace the labile Ru—NCS bond, versatile and diversified phenylpyridine-
type cyclometalating ligands could also be employed [70-77]. In 2009,
Nazeeruddin, Gritzel and coworkers replaced the NCS ligands by cyclometalating
2-(2,4-difluorophenyl)pyridine ligand and obtained a PCE of 10.1% [72]. Later,
Berlinguette and coworkers reported a series of NCS-free tris-heteroleptic
cyclometalated ruthenium(Il) sensitizers (Fig. 9) that showed a broader and more
intense absorption relative to the N3 dye [73]. Structural engineering through
installation of electron-withdrawing groups on the phenyl ring resulted in higher
Ru"™" reduction potential to match with that of the redox mediator. Alkylthiophene
was also introduced to suppress charge recombination. A PCE of 7.3% at AMI1.5
sunlight was achieved (versus N3, 6.3%) [73]. A similar approach by using
3-(2'-pyridyl)-1,8-naphthalimide as the cyclometalating ligand was utilized by the
same research group [74]. The structure—property relationship was investigated via
systematic variation of the substituents on the heterocyclic rings. A PCE of 7.0%
was achieved (versus black dye, 5.7%) [74]. Cyclometalated ruthenium(II) sensi-
tizers with two tridentate ligands that are analogues of the ruthenium black dye
were first documented by Koten and coworkers [76]. A PCE of 2.3% was achieved.
Later, a comprehensive study was done by Berlinguette and coworkers (Fig. 9)
[77]. With judicious choices of ancillary groups and cyclometalating positions, the
complexes exhibited broad and intense absorption band to 800 nm, arising from
MLCT and triphenylamine-based ILCT transitions. It was found that through
structural modification, the HOMO and HOMO-1 could be positioned on the
triphenylamine and ruthenium metal center, respectively, resulting in movement
of photo-induced holes toward the triphenylamine unit and subsequent MLCT
event to achieve high DSSC efficiency [77].

Apart from the ruthenium(II)-based sensitizers, metalloporphyrin-based sensi-
tizers also show impressive performance in the field of DSSCs, owing to their
strong absorption in the visible to NIR region, high stability, and synthetic versa-
tility. Early examples involved the use of f-substituted metalloporphyrin (Cu and
Zn, Fig. 10) reported by Nazeeruddin, Gritzel and coworkers, showing a PCE of up
to 4.8% [78]. Sessler, Kim and coworkers introduced an amino group to the
p-anchored metalloporphyrin, showing a comparable performance to that of the
ruthenium-based N3 dye [79]. Visible and NIR absorbing m-extended, fused, or
oligomeric metalloporphyrin sensitizers have recently been reported and demon-
strated to potentially function as efficient DSSC active materials [80-87]. In 2011,
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Fig. 10 High-performance DSSC light-harvesting materials reported by Gritzel and coworkers
[78, 88, 93]

Yeh, Zakeeruddin, Gritzel and coworkers reported a breakthrough by replacing the
iodide/triiodide redox couple with the Co™" tris(bipyridine) redox electrolyte and
by using a custom designed donor-n-bridge-acceptor zinc porphyrin (Fig. 10) which
absorbs the entire visible to NIR region [88]. A Co™/! tris(diimine)-based redox
mediator was first documented by Moser and coworkers using cobalt(Il) bis[2,6-bis
(1'-butylbenzimidazol-2"-yl)pyridine] in 2001 [89]. Under 94 Wcm 2 sunlight
illumination and with the use of Z316 photosensitizer, the device showed respect-
able performance, with a fill factor of 0.68 and a PCE of 5.2%. The reduced
performance (PCE: 2.2%) under full sunlight illumination was attributed to the
deficient diffusive charge transport by the oxidized mediator [89]. In 2002, a series
of cobalt(Il) complexes using different substituted bipyridines, terpyridines, and
phenanthrolines as ligands have been systematically investigated as redox media-
tors by Elliott, Bignozzi and coworkers [90]. Although the resulting performance is
low, which is probably due to the mismatch between the non-bulky sensitizer N3
and the cobalt complex [91], two important advantages over the I /I3~ redox couple
have been unveiled [90, 92]. Firstly, cobalt(II) complexes show less absorptivity in
the visible region, resulting in less competitive light harvesting with the sensitizer
and subsequently higher photocurrent. Secondly, the Co™" redox potential could
be deliberately positioned via structural modifications to match the sensitizer so as
to minimize the overpotential loss to maximize the photovoltage. However, due to
the ion-pairing effect by negatively charged dye and the positively charged cobalt
complexes, the regeneration of the oxidized mediator was hindered, resulting in
back electron transfer process, poor charge collection, and low device performance.
One approach is to introduce bulky substituents on the sensitizer to function as a
blocking layer [88, 91]. The tailor-made zinc porphyrin sensitizer reported by Yeh,
Zakeeruddin, Gritzel and coworkers possesses hindered alkoxy chains to impair
back electron transfer from the conduction band of the nanocrystalline titanium
dioxide to the oxidized cobalt redox mediator [88]. The resulting photovoltage
approaches 1 V. These, together with the high photocurrent generated, have pro-
duced a high PCE of 11.9%, reflecting the importance of molecular engineering
toward improving device performance [88]. Gritzel and coworkers further
improved the system by introducing a stronger acceptor, benzothiadiazole, to
broaden and to red shift both the Soret and Q-bands, giving rise to larger photo-
current and higher PCE of 13% at full-sun illumination (Fig. 10) [93]. Investigations
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on the structure—property relationship of this class of porphyrin sensitizers have
also been reported by variation of m-conjugated spacer [94, 95] and donor moiety
[95], showing PCEs of up to 12.75% under simulated one-sun illumination [94].

3.2 Catalytic and Photocatalytic Oxygen Generation

To make good use of renewable solar energy, it must be properly stored and be
released when needed. The success and understanding of natural photosynthesis
have inspired us on the research and development in photo-induced water splitting,
providing valuable hydrogen gas and oxygen gas as solar fuels for clean sources of
energy [96-98]. In nature, oxidation of water proceeds in photosystem II, initiated
by the sensitization of light-harvesting chlorophyll P680 and electron transfer to
benzoquinone [99-106]. The resulting P680" oxidizes tyrosine by long-range
electron transfer, subsequently activating the OEC oxidatively, where the actual
water oxidation is taken place. It involves four sequential PCET processes (Kok
cycle) [107], and electrons are collected in photosystem I, where reduction occurs
to convert protons to a “natural form” of hydrogen by conversion of NADP to
NADPH. Overall, nature harvests sunlight and stores it in the form of chemical
energy. Construction of artificial photosynthetic systems would require better
understanding of these biological redox systems and PCET processes, which have
been systematically investigated by research groups such as those of Meyer [100],
Mayer [108, 109], Saveant [110, 111], and Fontecave [112—114]. In addition, it is
equally important to develop robust light-harvesting sensitizers that show more
positive reduction potential than the redox couple of water oxidation [(1.23-
0.059pH) V vs NHE] and oxygen-evolving catalysts that are capable of successive
PCET [99-106]. Noticeably, ruthenium(II) polypyridine complexes with their
*MLCT excited states exhibit good redox properties to undergo excited-state PET
to give the oxidized sensitizer in the presence of sacrificial acceptor or TiO,,
generating charge-separated states. More importantly, the Ru™" redox couples of
ruthenium(Il) polypyridines [102] are thermodynamically feasible to drive the
artificial oxygen-evolving catalyst for further water oxidation. A schematic diagram
of a photosynthetic model system was discussed by Lewis and Nocera and is
depicted in Fig. 11 [99]. To construct such kind of solar-driven water-splitting
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Fig. 11 Schematic diagram of molecular assembly of photo-induced water-splitting system.
Reprinted with permission from Lewis and Nocera [99]. Copyright (2006) National Academy of
Sciences, U.S.A
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device, proper choices of solar absorbers, catalysts, and membranes that are effi-
cient, robust, and scalable would be essential [99, 115-118]. Recently, develop-
ments of inorganic light-harvesting semiconductors and catalysts for artificial
photosynthesis have received tremendous attention [119-145]. A number of inspir-
ing works toward future production of clean sources of fuels are reported. Various
light absorbers and catalysts that are potentially applicable in solar-driven
water-splitting devices as photoanodes or photocathodes, such as [WO3/Ag"] by
Gray, Lewis and coworkers [119], [BiVOy4] by Choi and coworkers [120, 121],
transparent Pt-coated p-InP by Heller [122], Pt/Ru-coated p-WSe, by Gray, Lewis
and coworkers [123], MoS, by Chorkendorff and coworkers [124], Ni,P by
Lewis, Schaak and coworkers [125], BagsSrgsCoggFey,05_s perovskite by
research groups of Halle [126] and Gasteiger [127], cobalt—phosphate assembly
reported by Nocera and coworkers [128], RbgK,{[Rus04(OH),(H,0)4]
(7-SiW190036)2}:25H,0 reported by Botar, Hill and coworkers [129],
Csio[Ruy(u-0)4(11-OH),(Hy0)4(y-SiW19036)2] reported by Sartorel, Geremia,
Bonchio and coworkers [130], nickel-borate assembly reported by Nocera and
coworkers [131], [Co4(H20)2(PW9034)2]10* reported by Hill and coworkers
[132], and others [133-135], have been investigated. Synthetic systems that
mimic the manganese—calcium—oxygen containing OEC have also been
documented by various groups [136—141], including [Mn;Ca0,]°* core by Agapie
and coworkers [138-140] and Mn,Ca cluster by Zhang, Dong, Dau and coworkers
[141]. By combining the ruthenium(II)-based sensitizers and different inorganic
oxygen-evolving catalysts, different photocatalytic systems that parallel natural
photosynthesis with chlorophyll-sensitized charge separation and oxidation to
oxidize water molecules could be realized. Examples include the IrO,-immobilized
ruthenium diimine sensitizers reported by Mallouk and coworkers [142], {Ru
(bpy),[bpy-(CO0),]}/{Mn,04[(MeOPh),PO,]¢}* reported by Spiccia and
coworkers  [143],  [Ru(bpy)s;]**/[Mn"5Mn" O5(CH;COO)5(A-a-SiWoO14)]1°~
reported by Scandola, Kortz, Bonchio and coworkers [144], [Ru(bpy)3]2+/
[(VIV5VV)O7(OCH3)12]7 reported by Santoni, Scandola, Campagna and coworkers
[145], as well as [Ru(bpy)3]2+/[C0M06024H6]37 by Sakai and coworkers [146].
With judicious choice of the ligands and appropriate molecular design and
synthesis, different transition metal complexes could also be able to function as
oxygen-evolving catalyst. The first well-characterized and synthetic molecular
catalyst for water oxidation is the ruthenium blue dimer, cis,cis-[(bpy).(H,O)
RumORum(OHz)(bpy)2]4+, in the presence of Ce(IV) as oxidant reported by
Meyer and coworkers in 1982 [147]. The mechanism was proposed to involve
four successive PCET to give [(bpy)2(0)RuVORuV(O)(bpy)z]4+ as a reactive inter-
mediate to oxidize water molecules (Fig. 12) [148, 149]. It is believed that the rate-
limiting step is the oxidation of [(HO,)Ru™ORu"(0)]** to [(HO,)Ru'YORu"(0)]**
(ks in Fig. 12), which rapidly reacts with H,O to form [(HO)Ru" ORu"(OH,)]**
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and spontaneously releases oxygen gas as the final step in the catalytic cycle
[149]. To improve the rate of water oxidation, the same research group systemat-
ically introduced different ruthenium-based redox mediators, [Ru(bpy)Z(L)]2+,
where L is bpm or bpz [149]. Due to the difference in the rate of oxidation of [Ru
(bpy)s]** and [(HO,)Ru™ORu"(0)]** (ks in Fig. 12a) by Ce(IV) oxidant, [Ru
(bpy)g,]3 * produced by Ce(IV) serves as an intermediate oxidant for [(HO,)
Ru™ORuY(0)]**, resulting in the enhancement of oxidation rate of up to ~30
times [149]. However, as shown in Fig. 12, the oxidation of water does not
necessarily involve two ruthenium metal centers, inspiring their later work to
explore simpler mononuclear systems for the same purpose. In 2008, they reported
the kinetic and mechanistic studies of catalytic water oxidation by [Ru(tpy)(bpm)
(OHZ)]2+ and [Ru(tpy)(bpz)(OHz)]2+, showing agreement with the DFT calculation
[150] by Baik and coworkers predicting that one ruthenium is sufficient to carry out
the process. Experimental evidence by Sakai and coworkers also revealed that [Ru
(tpy)(bpy)(OH,)]** could be the active species and was fairly stable in strongly
oxidizing condition, while [Ru(tpy)(bpy)(C)]** showed no catalytic activity
toward oxidation of water [151]. The same research group also examined the
catalytic activities of water-soluble cobalt porphyrins (Fig. 12b) [152]. Conclusive
evidence indicated that the molecular metal complex was the water oxidation
catalyst, instead of being a pre-catalyst for the formation of cobalt oxides. In the
presence of [Ru(bpy)3]2+ and Na,S,0g, the combined system showed photochem-
ical oxygen production with TON ranging from 88.7 to 121.8 [152].
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[Ru(L)(L),], where H,L and L' are H,bda- and mono-imine-type ligand, respec-
tively, is another class of complexes that show catalytic water oxidation behavior
[153-157]. In 2010, Sun and coworkers reported a photoelectrochemical device
with ruthenium(Il) diimine sensitizer immobilized on TiO, as the photoanode,
platinum as the cathode, and [Ru(bda)(4-picoline),] as the catalyst (Fig. 13a)
[153]. Visible-light-driven water splitting was successfully demonstrated. The
proposed catalytic mechanism is shown in Fig. 13b [154]. Similar to the enhanced
electron transfer by immobilizing IrO, nanoparticles on ruthenium(Il) diimine
complexes [142], Li, Sun and coworkers covalently linked the pyridine-
functionalized ruthenium(Il) diimine sensitizer to the axial position of the [Ru
(bda)] catalyst (Fig. 13c) [155]. The catalytic system was found to show enhanced
water oxidation performance relative to the multicomponent control system with
[Ru(bda)(4-picoline),] as catalyst and [Ru(bpy)3]2+ as photosensitizer in the pres-
ence of sodium persulfate as the sacrificial electron acceptor. This has been
attributed to the faster electron transfer process under controlled immobilization
on the electrode surface. In addition, the assembled system also shows better TON
of 38 TN as compared to the multicomponent counterpart (8 TN) [155]. Meyer and
coworkers investigated electropolymerization containing a mixture of vinyl-
functionalized [Ru(vinyl—bpy)z{bpy—PO(OH)z}]2+ sensitizer and [Ru(bda)
(4-vinyl-py),] catalyst [156]. Polymerization was done on planar electrode,
resulting in the construction of polymer networks of sensitizer—catalyst
photocatalytic assembly on mesoporous, nanostructured TiO,. The thin-film
photocatalytic device showed catalytic water oxidation properties in phosphate
buffer at pH 7, demonstrating the feasibility of fabricating photocatalytic surfaces
on metal oxide electrodes through electropolymerization. Apart from covalently
linking the sensitizer and the catalyst, Sun and coworkers utilized the non-covalent
interactions between CD and hydrophobic 4-ppy to connect the sensitizer and the
catalyst [157]. The resulting 1:1 adduct, [Ru(bpy)z(bpy—CD)]2+/[Ru(bda)(4—ppy)2],
displayed remarkable improvement of almost one order of magnitude over the
multicomponent counterparts with a TON of 267 and quantum efficiency of 84%.
These assembled photocatalytic systems [155-157] have provided a promising
direction toward future developments of artificial photosynthesis to mimic the
controlled spatial arrangements and the stepwise electron transfers, similar to that
of the Z-scheme.

With appropriate design, iridium(III) complexes could also function as water
oxidation catalysts [158—164]. In 2008, Bernhard and coworkers first reported a
series of mononuclear cyclometalated iridium(IIT) aquo complexes [158]. The well-
developed synthetic pathway enabled the selective functionalization of different
substituents to yield complexes with a wide range of redox potentials for a system-
atic study. Water oxidation with evolution of oxygen gas was observed in aqueous
solution. The unusual kinetic progression revealed a possible two-step process
during water oxidation, suggesting the possible involvement of multiple active
iridium catalysts [158]. Eisenstein, Brudvig, Crabtree and coworkers later postu-
lated that using a more electron-donating ligand could improve the catalytic
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Fig. 13 (a) A photoelectrochemical device for visible-light-driven water-splitting reaction.
Reproduced from Sun and coworkers [153] with permission from the Royal Society of Chemistry.
(b) Proposed catalytic mechanism and axial ligands are omitted for clarity. Reprinted with
permission from Sun and coworkers [154]. Copyright (2012) National Academy of Sciences,
USA. (c) Chemical structure of the ruthenium assembly. Reproduced from Li, Sun and coworkers

[155] with permission from Wiley-VCH
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Fig. 14 (a) Chemical structures of the iridium(IIT) complexes studied for water oxidation and (b)
the proposed reaction mechanism. Reprinted with permission from Eisenberg, Brudvig, Crabtree
and coworkers [160]. Copyright 2010 American Chemical Society

performance, thereby replacing the diimine ligands with the pentamethylcyclo-
pentadiene (Fig. 14a) [159-161, 163]. Initial work in 2009 observed a significant
improvement on catalytic activity over the previous example as well as the ruthe-
nium(II) counterparts [159]. A library of this kind of half-sandwich iridium com-
plexes has been studied by the same research group [160]. It was found that [Cp*Ir
(H50)5]SO4 and [(Cp*Ir),(u-OH);]OH showed high turnover frequencies of up to
20 min~" at pH 0.89. A reaction mechanism was proposed, as shown in Fig. 14b.
The rate showed dependence on the cerium(IV) concentration in low Ce
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(IV) loading, and the rate determining step was believed to be the oxidation of
catalyst to a high-valent metal-oxo species. On the other hand, when high loading of
the Ce(IV) oxidant was added, the rate determining step may be the formation of the
dioxygen bond [160]. Immobilization of this class of iridium complex onto the
MOF has been done by Lin and workers [162]. This offered advantages in the
mechanistic study by isolating the catalysts to prohibit the degradation pathway
involving multiple metal complexes. After carrying out the reaction, the water
oxidation catalyst could also be unambiguously characterized since the MOF
catalyst could be readily and easily separated from the reaction mixture. The result
indicated that oxidative modification of Cp* was observed and the active catalyst
was [(bpy-dicarboxylate)Ir(H,O)(X)Cl], where X was likely to be formate or
acetate, supported by various spectroscopic analyses [162]. Further optimization
of this system by attaching a strongly electron-donating carbene ligand has been
done by Bernhard, Albrecht and coworkers, showing a TON of up to 10,000 in
5 days, which is the highest reported to date [163]. In the presence of zinc porphyrin
as photosensitizer, Schmuttenmaer, Crabtree, Brudvig and coworkers reported a
visible-light-driven water-splitting photoanode by codeposition of the iridium
complex with the sensitizer onto the TiO, [164]. High photocurrent was observed
under visible-light irradiation. This indicated that the photo-generated zinc porphy-
rin underwent an electron transfer to the TiO, and the resulting cation radical was
thermodynamically capable to activate the iridium water oxidation catalyst [164].

Oxygen gas not only could be utilized as clean fuel but also could function as an
oxidizing agent in the presence of transition metal catalysts [165—168]. In nature,
cytochrome P450, methane monooxygenase, and Rieske dioxygenases are enzymes
that use dioxygen as oxidant [165-168]. Thus, complexes that could react with
dioxygen have received attention for many years [165—172]. Tolman and coworkers
initially observed the reversible formation and breaking of oxygen—oxygen bond in
a dinuclear copper complex, supported by a tripodal ligand (1,4,7-triisopropyl-
1,4,5-triazacyclononane) [169]. An equilibrium between [Cuz(y-nz:nz—oz)]2+ and
[Cu,(u-0),]** has been determined by kinetics spectroscopic and crystallographic
studies [169]. In 2011, an important finding has been reported by Schwarz and
coworkers [173]. Diatomic [CuO]* has been successfully synthesized in gas phase,
and it was found that the C—H bond in methane could be activated though hydrogen
abstraction to give CHjz radical or oxygen transfer to give methanol [173]. Tolman
and coworkers then reported a novel copper complex, bearing [LCu™OH] (L =N,
N'-bis(2,6-diisopropylphenyl)-2,6-pyridinedicarboxamide), to mimic a protonated
form of [CuO]* (Fig. 15) [170, 171]. The resulting complex could react with
dihydroanthracene to yield anthracene. Kinetic studies revealed a rapid H-atom
abstraction process, with a second-order rate of 1.1 M~ !s7!at —80°C [170]. Other
organic molecules, such as fluorene, cyclohexene, tetrahydrofuran, and cyclohex-
ane, could also react with the copper complex. In the case of THEF,
2-hydroxytetrahydrofuran and y-butyrolactone were found to be the products [171].
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Fig. 15 Reaction scheme of the dehydrogenation of dihydroanthracene. Reprinted with permis-
sion from Tolman and coworkers [170]. Copyright 2011 American Chemical Society

3.3 Catalytic and Photocatalytic Hydrogen Generation

Apart from the oxygen-evolving catalyst, development of transition metal com-
plexes as hydrogen-evolving catalysts is also important to the future generation of
fuel and battery. An early example is the cobaloxime system [Co(dmgBF,),(H,0),]
(Fig. 16), which was documented to exhibit hydrogen reduction behavior in 1986
by Espenson and coworkers [174]. Since then, mechanistic studies and structural
modifications of related cobaloxime complexes have been done by various research
groups [175]. Lewis, Peters and coworkers reported the electrocatalytic hydrogen
evolution by cobalt (difluoroboryl)diglyoximate complexes in the presence of
strong acids in acetonitrile solution [176]. Electrocatalytic production of hydrogen
gas with a Faradaic yield of ca. 90% was achieved under bulk electrolysis condition

—0.37 V vs SCE. Later on, they reported a [Co(dmgBF,),(MeCN),]-modified
glassy carbon electrode, which was active toward electrochemical hydrogen pro-
duction in aqueous solution at pH < 4.5 [177]. The same research group also
compared the cobaloxime system with the cobalt tetraamine complexes
[178]. These two cobalt systems showed electrochemical hydrogen evolution
between —0.55 and —0.20 V vs SCE in acetonitrile solutions. Mechanistic studies
relating the hydrogen evolution potentials, the metal hydride pK, value, and the
redox properties of the cobalt complexes in the presence of different ligands have
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Fig. 16 Chemical structure F. F
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been studied [178]. Winkler, Gray and coworkers also revealed the proton transfer
mechanism from brominated naphthol to Co'-diglyoxime, forming cobalt(III)
hydride by transient absorption spectroscopy [179]. Rate constants for Co™H
formation (3.5-4.7 x 10° M~'s™") and Co™H reduction to Co"H by excess Co'-
diglyoxime (9.2 x 10° M~ 's™') have been determined. Other related cobalt com-
plexes, such as cobalt bis(iminopyridine) complex by Peters, Gray and coworkers
[180] as well as dicobaloxime by Gray and coworkers [181], were also shown to
possess electrocatalytic water reduction behaviors.

Besides working as sensitizers for water oxidation, ruthenium complexes could
also sensitize catalytic hydrogen generation during artificial photosynthesis by
conversion of protons to hydrogen gas [96-98, 182]. In 2008, Artero and coworkers
covalently assembled the ruthenium(II) tris(diimine) sensitizer with the cobaloxime
catalyst to achieve a photochemical hydrogen production system (Fig. 17a), show-
ing the highest TON of 103 for such combination at that moment [183]. The high
activity is believed to be due to three reasons. Firstly, the catalytic center is more
resistant toward acid hydrolysis and hydrogenation. Secondly, the BF,-bridged
cobaloxime is easier to be reduced than the H-bridged analogue, resulting in
more facile electron transfer process from the sensitizer. Lastly, the covalent
linkage between the sensitizer and catalyst facilitates the electron transfer, showing
1.5-8.5 times efficiency enhancement over the multicomponent counterparts
[183]. The photochemical system composed of [Ru(bpy)]2+/[C0(dbt)2]7
(Fig. 17a) and ascorbic acid as sacrificial donor was investigated by Holland,
Eisenberg and coworkers [184]. This system shows high catalytic activity of >
2,700 turnovers and an initial turnover rate of 880 mol H,/mol catalyst/h after 12 h
of illumination. The same research group further investigated the structure—prop-
erty relationship on the catalytic activities by using different ligands attached to the
cobalt center [185]. It is found that introduction of electron-withdrawing groups
improves the TON, achieving ~ 9,000 TONs for [Co(mnt)z]zzf (Fig. 17a) with an
initial turnover frequency of up to 3,450 h™'. Besides using cobalt(Il) as a
hydrogen-evolving catalyst, platinum(II) complexes were also shown to exhibit
catalytic properties in photochemical hydrogen production system [186]. Sakai and
coworkers reported a covalently assembled system consisting of ruthenium(II) tris
(diimine) sensitizer and platinum(Il) diimine complex as the catalyst (Fig. 17a)
[187]. Visible-light-driven hydrogen production was demonstrated in the presence
of EDTA as sacrificial electron donor. In contrast, the multicomponent counterpart
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(b)

Energy

Fig. 17 (a) Chemical structures of various catalysts for proton reduction [183—185, 187, 188]. (b)
Proposed Z-scheme photochemical hydrogen production. Reproduced from Sakai and coworkers
[188] with permission from Wiley-VCH

did not show any activity unless in the presence of N,N’-dimethyl-4,4'-bipyridinium
[187]. The same research group later developed another chloroplatinum(II)
terpyridine complex functionalized with methylpyridinium (PV?*, Fig. 17a)
[188]. Mechanistic studies indicated that the assembly underwent successive reduc-
tive quenching after photo-excitation before leading to hydrogen generation
(Fig. 17b). This stepwise photon absorption is reminiscent of the Z-scheme of
natural photosynthesis [188].

Apart from using ruthenium complexes as photosensitizers, another metal—
ligand chromophore, alkynylplatinum(Il) terpyridine, which was first reported by
Yam and coworkers in 2001 [236], could also be used. [Pt(4-tol-tpy)(C=CPh)],
documented by Wu, Tung and coworkers in 2002 [237], was reported as photosen-
sitizer by Eisenberg and coworkers to sensitize colloidal platinum [189] and
cobaloxime complex for hydrogen generation [190]. The photocatalytic system
consisting of [Co(dmgH),(py)Cl] (dmgH = dimethylglyoximate; py = pyridine,
Fig. 18), [Pt(4-tol-tpy)(C=CPh)] (Fig. 18), and TEOA showed ~ 1,000 turnovers
after 10 h of irradiation at pH 8.5 [190]. Later, variations on the photocatalytic
system based on the choice of different cobalt catalysts by Eisenberg and coworkers
[191] as well as different alkynylplatinum(II) terpyridine sensitizers by Castellano
and coworkers [192] have been reported. On the other hand, a library of
cyclometalated iridium(III) complexes have been investigated as sensitizers by
Bernhard and coworkers [193, 194]. High quantum efficiencies up to 37 times of
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Fig. 18 Chemical structures of various catalysts and platinum-based sensitizer for proton reduc-
tion [189, 190, 195-199]

the ruthenium(II) tris(bipyridine) counterparts were observed. Further exploration
of efficient iridium sensitizers has been done by Park and coworkers [195]. Intro-
duction of bulky tetraphenylsilane onto the bipyridine ligands (Fig. 18) resulted in
dramatic improvement in the durability and the catalytic property. TONs of 17,000
have been achieved, which was the highest value reported to date [195]. In addition
to those transition metal complexes, nickel(II) phosphine complexes have also been
studied as an electrocatalyst for hydrogen production [196-199]. As revealed by
DuBois and coworkers, two closely related complexes with different substituents
showed the opposite catalytic behavior with [Ni(P"",N*",),(CH;CN)](BFE,), being
a hydrogen production catalyst and [Ni(P“Y,N®%,),](BF,), being a hydrogen oxi-
dation catalyst (Fig. 18) [196]. Initial work observed a turnover frequency of
350 s=' for [Ni(P™™,N™,),(CH;CN)|(BF,), catalyzed hydrogen production
[197]. A structure—property relationship has been investigated by Roberts, DuBois
and coworkers via different substituents on the phenyl ring and the presence of
different acids [198]. The catalytic rate increased with a more electron-withdrawing
para-substituent. However, the turnover frequencies did not show any correlation
with the pKa of the acids, but they were influenced by the size of the acid and the
presence of water [198]. Recently, [Ni(PP",NP"),(CH;CN)](BF,), showed impres-
sive turnover frequencies of 33,000 s lin dry acetonitrile and 106,000 slin12M
of water, using protonated dimethylformamide as the proton source [199].

3.4 Catalytic and Photocatalytic Reduction of Carbon
Dioxide

During the past decades, we have been relying on the combustion of fossil fuels for
the generation of electricity. Carbon dioxide has been massively produced as a
major end product, which is a stable greenhouse gas. Recycling carbon dioxide to
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usable fuel or chemical intermediates has been a challenging topic for scientists for
years as reduction of proton could be one major competitive reaction pathway
[200-221]. In nature, one of the most active and selective reduction catalysts is
carbon monoxide dehydrogenase from the anaerobic bacteria Carboxydothermus
hydrogenoformans [209]. The active site was found to consist of a NiFe,S, center,
which allowed CO, to bind onto both iron and nickel centers with minimal
reorganization energy. The enzyme catalyzed the reduction of carbon dioxide to
carbon monoxide involving a two-electron process at a high turnover rate of
31,000 st [209]. This has stimulated scientists to develop transition metal catalysts
for reduction of carbon dioxide to carbon monoxide, which could be used with
hydrogen gas to prepare liquid fuels during the Fischer—Tropsch process. In the past
30 years, a variety of transition metal complexes have been examined, including
cobalt and nickel phthalocyanines by Meshitsuka and coworkers [210], cobalt and
nickel tetraazomacrocyclic complexes by Eisenberg and coworkers [211], nickel
cyclams by Sauvage and coworkers [212], iron porphyrins by Savéant and
coworkers [213], [Re(bpy)(CO);Cl] by Lehn and coworkers [214], [Ru
(bpy)z(CO)z]2+ by Tanaka and coworkers [215], rhodium and iridium diimine
complexes by Meyer and coworkers [216], [Rh(dppe),Cl] by Wagenknecht and
workers [217], cobalt macrocycles by Fujita and coworkers [200, 218], palladium
triphosphine complexes by DuBois and coworkers [219], nickel phosphine com-
plexes by Kubiak and coworkers [220, 221], as well as cobalt and iron corroles by
Fujita and coworkers [222]. Recently, electrocatalytic reduction of carbon dioxide
at the mercury electrode by nickel(I) macrocycle-based catalysts have been
reported by Schneider, Fujita and coworkers [223].

In 2008, Ishitani and coworkers extended the work to investigate the mechanism
of the rhenium(I) ([Re(bpy)(CO);L], L =SCN, Cl, CN)-catalyzed CO, reduction
[224]. It was found that the monodentate ligand (L) had to be dissociated to leave a
vacant site for binding of CO,, which was the reason accounting for the inactivity of
the [Re(bpy)(CO);(CN)]. A photochemical system based on fac-[Re(bpy)
(CO)3(CH3CN)]*/fac-[Re{4,4'-(MeO),bpy }(CO)3{P(OEt);}]*  showed photo-
induced CO formation quantum yield of 0.59 [224]. Mechanistic studies of tricarbo-
nylrhenium(I) diimine chloride complexes have also been reported by Kubiak and
coworkers [225-227]. The two-electron reduced form, [Re(bpy)(CO);] ", was pre-
pared by a chemical method and was unambiguously characterized by X-ray
crystallography [225]. Further experiments revealed that this anion exhibited higher
selectivity to CO, than weak acid [226]. By X-ray absorption spectroscopy and
computational quantum analysis, they attributed this to the involvement of
Reo(bpy_) as the two-electron reduced state, which was more favorable to react
with CO, over H* because of smaller reorganization energy during the electron
transfer process [227]. An electrocatalytic cycle was proposed in Fig. 19a [228]. In
2011, Chardon-Noblat, Deronzier and coworkers first reported the use of earth-
abundant fac-tricarbonylmanganese(I) diimine complex as the electrocatalyst for
carbon dioxide reduction [229]. The selectivity and the Faradaic efficiency for
production of carbon monoxide were found to be similar to the rhenium counter-
parts, but the manganese system was shown to be more advantageous with a lower
overpotential during the CO, reduction [229]. The tendency of dimerization of
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Fig. 19 (a) Electrocatalytic cycle for the reduction of carbon dioxide. Reprinted with permission
from Carter and coworkers [228]. Copyright 2013 American Chemical Society. (b) Proposed
catalytic CO, reduction mechanism of the manganese complex. Reprinted with permission from
Kubiak and coworkers [230]. Copyright 2014 American Chemical Society
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manganese complexes after the reduction would introduce difficulties during the
mechanistic studies [229]. Therefore, Kubiak and coworkers utilized a bulky
diimine ligand, 6,6'-dimesityl-2,2'-bipyridine, to prepare the manganese complex,
which showed a single and reversible two-electron oxidation without dimerization
[230]. A turnover frequency of 5,000 g1 (1.4 M 2,2,2-trifluoroethanol) and a
Faradaic efficiency of 98% (0.3 M 2,2,2-trifluoroethanol) for reduction of CO, to
CO were achieved, with no observable production of hydrogen [230]. A proposed
catalytic mechanism is shown in Fig. 19b.

Apart from conversion to carbon monoxide, carbon dioxide could also be
reduced to formic acid. Ishitani and coworkers reported a ruthenium(I)-based
photocatalytic system [231]. A trinuclear complex consisting of two photosensitizer
units and one catalyst unit showed the highest quantum yield of 0.061 and TON of
671 [231]. They further loaded the ruthenium-based photosensitizer—catalyst unit
onto the Ag-loaded TaON for methanol oxidation [232]. The resulting system
successfully converted light energy to chemical energy in the form of formic acid
and formaldehyde (AG®°=+83.0 kJ/mol), and a Z-scheme for the photocatalytic
process was proposed (Fig. 20a) [232]. Besides, iridium complexes could also
function as carbon dioxide hydrogenation catalysts [233-235]. A series of high-
performance iridium pincer complexes was reported by Nozaki and coworkers with
turnover frequency and TON of 150,000 h™! and 3,500,000, respectively
[233]. Later, a proton-responsive iridium complex was synthesized by Hull,
Himeda, Fujita and coworkers [234]. The catalyst operated at near-ambient condi-
tion and could reversibly absorb and release hydrogen and carbon dioxide gases, by
storing in the form of formic acid. The proposed mechanism is depicted in Fig. 20b.
The highest turnover rate and TON of 228,000 h! (90°C) and 308,000 (80°C) were
observed, respectively [234]. A series of related mononuclear iridium complexes
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(b) Proposed mechanism of the controlled absorption and release of H, and CO,. Reprinted with
permission from Macmillan Publishers Ltd: Nature Chemistry [234], copyright 2012

was further investigated by Fujita, Himeda and coworkers [235]. It was found that
rate enhancement of ~0.6 orders of magnitude could be achieved by simply moving
the 4,4’-substituents to the 6,6'-positions. They attributed this to the presence of the
pendant base in the second coordination sphere, which significantly lowered the
transition state energy [235].
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4 Recent Advances in Photo-switchable Transition Metal
Complexes and Molecular Machines

According to the Moore’s law, the number of components per integrated circuit is
expected to be doubled every 2 years during the technological advancement
[238]. Nevertheless, the development of a top-down silicon-based fabrication
technique is getting increasingly challenging as the size of the semiconductor
device is approaching that of the molecular level and the physical microfabrication
limit. This motivates the development of molecular functional materials for the
fabrication of devices using the bottom-up approach. In particular, photo-
responsive functional materials represent an important class of potential candidates
for device application [239] and have received tremendous attention since the past
few decades [239-256]. These systems possess distinct and addressable states that
are interconvertible by using different external stimuli. Therefore, they are poten-
tially useful for applications in optical memories and optical switching devices.
Examples of photo-switchable functional motifs include the cis—trans isomeriza-
tion of the azo group [239-248] and alkenes [247-249], 1,2-cis-diarylethenes
[239, 244-247, 250-252], spirooxazines [244, 247, 253, 254], spiropyrans
[239, 244-247, 253-255], and others [244, 256]. The photochemical
rearrangements result in structural and conformational changes, which could
strongly influence their optical, electronic, and optoelectronic properties and
intermolecular interactions.

Unlike pure organic compounds, transition metal complexes possess rich
photophysical and electrochemical properties through involvement of metal char-
acter during the electronic transitions and redox processes. In addition, the heavy-
atom effect facilitates the intersystem crossing to access the spin-forbidden triplet
excited state which is more long-lived. More importantly, the synthesis of transition
metal complexes offers an advantage of easy functionalization by judicious choice
and stepwise incorporation of custom-made ancillary ligands. This opens up unlim-
ited opportunities for the functionalization of the photochromic and photo-
switchable molecules with ligating sites and for the coordination to the transition
metal centers to afford photo-responsive behavior. For instance, electronic proper-
ties [242, 246, 247, 254, 255, 257-379], binding modes [357-360], redox behavior
[361-366], magnetic properties [367-375], and NLO properties [376-379] could be
controlled by external photo-stimulation. By stepwise incorporation of multicom-
ponents into transition metal complexes, molecular machines with molecular
motions occurring in a controlled manner are achievable [380-429]. External
stimuli that have been employed to control molecular motions include photo-
excitation, electrochemical oxidation or reduction, pH variation, and metal
exchange [380—429]. In this section, recent developments, starting from 2007, on
the photo-switchable transition metal complexes bearing various photochromic
moieties will be introduced. The influence on their structural, chemical, optical,
electronic, and optoelectronic properties will also be discussed. Molecular
machines that are responsive toward photo-excitations will also be highlighted.
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4.1 Photochromic Ligands and Their Transition Metal
Complexes

For common organic photochromic systems including cis—trans isomerization of
alkenes and azo compounds, diarylethenes, spirooxazines, and spiropyrans, the
photochemical process often proceeds via the singlet excited state. Functiona-
lization with ligating sites and coordination to transition metal centers would lead
to the possible opening up of the triplet photochemical pathway or the photosensi-
tization of the photochromic reaction by extending the excitation wavelength to
visible light. The advantages of these kinds of photofunctional transition metal
complexes over their organic counterparts include the ready access to desirable
optical, electronic, and optoelectronic properties by systematic design and judicious
choice of ligands, which enables the use of designated and less energetic visible-
light wavelengths as excitation source instead of the need for high-energy UV
irradiation commonly used in organic photochromic systems. More importantly, the
photochromic reactions would change the electronic properties of the entire system,
resulting in the possible alteration of energy or electron transfer directions.

With the continuing efforts in the development of photo-switchable moieties
through photosensitization reactions by various research groups [242, 246, 247,
254, 257-266], the exploration of different photo-responsive metal-ligand chro-
mophores represents an important area of research. Nishihara and coworkers
investigated the photosensitization of the azobenzene-containing dithiolato-
platinum(II) bipyridine complexes [267]. This class of complexes displays absorp-
tions due to azobenzene m—m* transition, ILCT [n(ditholate)-n*(azobenzene)]
transition and LLCT [r(ditholate)-n*(bipyridine-azobenzene)] transition. It has
been observed that photo-excitation into the low-energy LLCT band could induce
cis-to-trans isomerization [267]. By proper selection of excitation wavelength,
three different conformational isomers are achievable, as shown in Fig. 21a. The
same research group later reported the solid-state cis-to-frans isomerization of bis
(dipyrazolylstyrylpyridine)iron(Il) complex sensitized by the MLCT excited state
(Fig. 21b) [268]. It is found that the trans-isomer displayed spin-crossover phe-
nomenon, while the cis-isomer only existed in the high-spin state [268]. Recently, a
highly efficient tetranuclear rhenium(I) tricarbonyl diimine complex with a
stilbene-type bridging ligand has been developed by Sun, Lees and coworkers,
showing an MLCT [dn(Re)-n*(bridging ligand)]-sensitized trans-to-cis isomeriza-
tion (Fig. 21b) [269].

The impact of the incorporation of transition metal centers on diimine ligands
bearing two photo-active olefin bonds and their respective copper(I) and platinum(II)
complexes (Fig. 22a) has also been studied by Wand and coworkers [270]. The free
ligand and its copper(I) complex displayed trans-to-cis isomerization, while the
platinum(II) analogue showed no isomerization upon photo-excitation. A similar
observation has also been found by Katan, Malval, Fillaut and coworkers on their
azobenzene-containing ruthenium(Il) tris(bipyridine) complexes (Fig. 22b)
[271]. It is believed that the presence of lower-lying *MLCT states would serve
as a deactivation pathway to quench the photochemical reaction (Fig. 22c). Other
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Fig. 22 Molecular structures of the photofunctional transition metal complexes synthesized by (a)
Wand and coworker [270] and (b) Katan, Malval, Fillaut and coworkers [271]. (¢) Simplified
schematic diagram showing the photophysical process. Reproduced from Katan, Malval, Fillaut
and coworkers [271] with permission from Wiley-VCH
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transition metal systems with cis—trans photofunctional groups have also been
developed [271, 272].

Pericyclic photocyclization of DAE was initially observed by Irie on the
photoisomerization of cis-stilbene [273]. With the replacement of the benzene
ring by thiophene ring [274], together with the introduction of a methyl group at
the adjacent position [273], this system shows promising photo-responsive behav-
iors, such as good reversibility, fatigue resistance, fast response time, good tunabil-
ity, and photo-addressable states. A lot of seminal works on the organic
photochromic diarylethene have been reported by Irie [250, 252, 275-280], Feringa
[281-285], Lehn [286-288], Branda [251, 289-292], Yam [293-303], Tian
[255, 304-307], Kawai [278, 308-310], and others [244, 311-316]. Recently,
crystalline-state photochromism with fast and reversible shape interconversion
has been demonstrated by Irie and coworkers [280]. In spite of the rapid develop-
ments, their transition complex analogues have been relatively less explored. The
earliest work on the photophysical and photochromic studies of the photochromic
diarylethene-containing pyridine transition metal complexes was reported by Lehn
and coworkers [317]. The structure—property relationship of different transition
metal complexes appended with photochromic diarylethene has been studied by
Lehn [318], Irie [252, 319-321], Yam [247, 322-330], Branda [331-333], Tian
[304, 334-336], and others [337, 338]. In 2004, the photosensitization of
diarylethene photocyclization was reported by two independent research groups
at almost the same time, including the phenanthroline tricarbonylrhenium(I)
complex (Fig. 23a) by Yam and coworkers [264] and dinuclear ruthenium(II)
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Fig. 23 (a) Chemical structures of diarylethene-containing photochromic transition metal com-
plexes [264, 265]. (b) Schematic diagram showing the photochemical reactions of the ligands and
their metal complexes. Reprinted with permission from Yam and coworkers [323]. Copyright 2007
American Chemical Society
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Fig. 24 (a) Photochromism and the spectroscopic properties of the europium(IIl) complex.
Reproduced from Hasegawa, Kawai and coworkers [342] with permission from the Royal Society
of Chemistry. Photochromism of (b) the platinum(Il) cyclometalated complexes and their repre-
sentative UV-vis spectral changes, reprinted with permission from Yam and coworkers
[329]. Copyright 2011 American Chemical Society. (c) Platinum(Il) alkynyl bridged bis
(dithienylethene), reprinted with permission from Branda, Wolf and coworkers [343]. Copyright
2009 American Chemical Society. (d) Selected examples of diarylethene-containing metal com-
plexes [325, 333, 344, 345]

tris(bipyridine) complex (Fig. 23a) by De Cola and coworkers [265]. Unlike the
usual approach of introducing the ligation site as a pendant of the diarylethene
moiety, Yam and coworkers incorporated the diarylethene group into the ligand
backbone in order to provide greater perturbation on the photophysical behavior
upon photochemical cyclization [247, 322-330]. The triplet sensitization pathway
was then confirmed by ultrafast spectroscopic studies by the same group [266] as
well as later by Indelli, Ravaglia, Scandola and coworkers on the diarylethene-
containing ruthenium(Il) polypyridine system [339]. Later on in 2007, Yam and
coworkers extended the absorption of the closed form to the NIR region [323]. This
was accomplished by using diarylethene-containing 2-(2-pyridyl)imidazole as the
N,N-donor ligand in the tricarbonylrhenium(I) system (Fig. 23b) [323]. The metal-
assisted planarization of the two heterocyclic rings is believed to enhance the
m-conjugation, resulting in a drastic red shift in the absorption band. A similar
NIR photochromism and luminescence switching behavior has also been subse-
quently reported by Tian and coworkers on the bis-cyclometalated iridium(III)
acetylacetonate complex (Fig. 23a) [340, 341].

Manipulation of photophysical properties of the photochromic ligands could
also be achieved by incorporation of lanthanide metal centers. Hasegawa, Kawai
and coworkers studied the luminescence behavior of a photochromic europium(III)
complex (Fig. 24a) [342]. The utilization of the discrete and photo-responsive
absorption and emission properties of europium(III) chromophore and the ligand
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Fig. 24 (continued)

has opened up the nondestructive readout capability via the monitoring of the
luminescence intensity. Wavelengths for writing, erasing, and reading processes
have been identified, as shown in Fig. 24a. Photochromic diarylethene moiety has
also been incorporated into other ligand frameworks by Yam and coworkers
[325, 326, 328, 329]. In 2009, they reported a series of photochromic NHCs and
their silver(I), gold(I), and palladium(Il) complexes (Fig. 24d) [325], which were
potentially applicable in photochromic catalysis. Additional ligating sites, such as
pyridine, pyrimidine, and other nitrogen-containing heterocycles, were
functionalized with photochromic carbenes as bidentate ligands to incorporate
into tetracyanoruthenate(Il) [326] and nG-mesitylene ruthenium(Il) systems
[328]. Later, Yam and coworkers reported a series of diarylethene-containing
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cyclometalated platinum(II) complexes (Fig. 24b) [329]. Systematic variation of
the substituents on both the cyclometalating ligand and f-diketonate ligand not only
altered the photophysical properties of the open form but also the photocyclized
closed form, demonstrating a crucial advantage of employing transition metal
complex systems to fine-tune the photophysical and photochromic properties of
the entire system. Unlike previous organic counterparts, a bis(dithienylethene)
bridged by diphosphinoplatinum(II) bis-alkynyl complexes reported by Branda,
Wolf and coworkers displayed a dual ring-closing photochromism without the
observation of energy transfer quenching after the first photocyclization step
(Fig. 24c¢) [343]. They attributed this to the localized triplet exciton and the energy
barrier at the Pt linkage that slowed down the energy transfer process after the first
photocyclization, showing the importance of the incorporation of heavy elements in
this multi-DAE system [343]. Branda, Wolf and coworkers also investigated the
linker-dependent photosensitization process in the photochromic alkynylplatinum(II)
terpyridine system through ground state spectroscopic [344] and time-resolved
spectroscopic [345] measurements. Reduction of communication between the
metal-based and intraligand states by lengthening the spacer or introducing
nonconjugated spacer resulted in decrease of photosensitization efficiency, showing
how structural design could manipulate the deactivation pathway of the photo-
generated excited state.

Apart from the previously mentioned photofunctional transition metal com-
plexes, various ligands were also functionalized with diarylethene and incorporated
into transition metal complexes. Their switchable photophysical properties have
been investigated [322, 324, 327, 333, 346-351]. These include diarylethene-
containing alkynyls [327, 346, 347], terpyridines [348, 349], bipyridines
[350, 351], 1,10-phenenthrolines [322, 324], pyridylimidazoles [330], and bis
(acylamidines) (Fig. 24d) [333].

Under photo-irradiation, spirooxazine undergoes ring-opening reaction to give
n-extended MC via C-O bond cleavage. Yam and coworkers functionalized this
type of photo-responsive group with bipyridine and incorporated it into the zinc
(IT) thiolate [352] and platinum(II) bis-alkynyl complex systems [353]. Upon UV
excitation, the color of the platinum(II) complex in dichloromethane solution was
found to change from yellow to blue due to the photo-induced ring-opening reaction
(Fig. 25a). This could also be achieved by irradiating into the MLCT/LLCT
transition band in the visible region, showing the successful intramolecular photo-
sensitization reaction [353]. In the presence of the trialkoxyl chain, gelation and
liquid crystal properties have also been observed [353]. The photo-induced LF
modulation was also studied by Frank and coworkers on the spirooxazine-
containing tetracarbonyl molybdenum complex (Fig. 25b) by spectroscopic and
computational methods [354]. The LUMO+1 (phenanthroline-based) was found to
be 0.2-0.3 eV lower in energy in the ring-closed (spirooxazine) form than the ring-
opened (MC) form, suggesting that the spirooxazine form is a better m-acceptor.

Recently, photochromic boron-containing diarylethenes have also been investi-
gated by Yam and coworkers [295, 297, 298, 300, 303]. NIR photochromic
behavior by boron pg-diketonates [295, 300], fluoride-gated photochromism by
triarylboranes [297, 303], and NIR and tunable photochromism by thienylpyridine
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Fig. 25 (a) Photochromism of the spirooxazine-containing platinum(Il) bipyridine bis-alkynyl
complexes. Reproduced from Yam and coworkers [353] with permission from Wiley-VCH. (b)
Chemical structures of the molybdenum complex reported by Frank and coworkers [354]
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Fig. 26 Photochromism and UV-vis spectral changes of the metal-containing NAC-chelated
organoboron complexes. Reproduced from Wang and coworkers [356] with permission from
Wiley-VCH

bis(alkynyl)boranes [298] have been achieved. Recently, another type of photo-
chromism based on NAC-chelated organoboron compounds [355] has been reported
by Wang and coworkers, and the impact of metal coordination has also been
investigated [356]. The alkynyl ligation site was functionalized onto the photo-
active NAC-chelated organoboron and was incorporated into the tricarbo-
nylrhenium(I) alkynyl, phosphinogold(I) alkynyl, and bis(phosphino)platinum(II)-
bis-alkynyl systems (Fig. 26) [356]. Photosensitization has been observed in the
gold(I) system via the triplet pathway, whereas the platinum(II) system showed
reduced photochromic quantum efficiency, and only a single photochromic reaction
was observed due to intramolecular energy transfer quenching after the first pho-
tochemical reaction. However, the rhenium(I) complex did not show any sign of



Transition Metal-Based Photofunctional Materials: Recent Advances and. .. 239

photochromism, probably due to the rapid energy transfer to the low-lying triplet
ILCT/MLCT excited state.

In addition to the perturbation on the photophysical properties, the photochem-
ical process also induces conformational changes, affecting the coordination mode
of the ligands. Ceroni and coworkers reported a dendrimer bearing two cyclam
units bridged by the photoactive azobenzene moiety [357]. The trans-to-cis
photoisomerization of the azo linkage resulted in closer proximity of the two
cyclam units, and the binding stoichiometry with zinc(Il) ion was changed from
1:2 to 1:1 (Fig. 27a). On the other hand, the coordination of copper(Il) was found to
quench the photochemical process through efficient energy transfer, showing the

energy
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Fig. 27 (a) Photochromism and binding mode of the photo-responsive dendritic tweezer.
Reprinted with permission from Ceroni and coworkers [357]. Copyright 2012 American Chemical
Society. (b) Self-assembly process of gold(I) clusters and photo-induced isomerization driven
transformation. Reprinted with permission from Yam and coworkers [358]. Copyright 2015
American Chemical Society
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absence of cis—trans isomerization. Yam and coworkers constructed two gold
(D sulfido clusters by using the photoactive dppee ligand [358]. Two different
clusters, [Aujo(u-cis-dppee)s(us-S)al**  and  [Auyg(u-trans—dppee)s(uz-S)s]*",
were successfully prepared from their corresponding cis—dppee and trans—dppee,
respectively. Upon photo-irradiation, cis-to-trans isomerization and cluster-to-clus-
ter transformation were found to occur (Fig. 27b). It has been attributed to the
difference in bite angle of the bidentate cis—dppee and trans—dppee ligand, resulting
in a change of the coordination mode.

Andréasson and coworkers reported a system consisting of a pyridine-appended
diarylethene and a Zn—porphyrin dimer (Fig. 28a) [359]. Before photo-irradiation,
the diarylethene backbone was flexible, and the two pyridine rings could coordinate
with zinc. Upon photocyclization, the diarylethene moiety was rigidified and was
no longer able to interact with both Zn—porphyrin chromophores. More impor-
tantly, this large change in coordination mode has resulted in a significant influence
on their electronic absorption properties. A nondestructive readout has been
achieved by monitoring the low-energy absorption band at 748 nm or the fluores-
cence intensity by 748-nm photo-excitation as this could not trigger the
photocycloreversion. The same group later on utilized the same supramolecular
system to investigate the photo-induced release of analytes by making use of
the difference in the binding site between two conformations (Fig. 28b)

(b)

visible light

e
-—

UV light

Fig. 28 (a) Photochromism of the pyridine-appended diarylethene-Zn-porphyrin dimer.
Reproduced from Andréasson and coworkers [359] with permission from Wiley-VCH. (b) Sche-
matic diagram showing the photo-induced release of analyte. Reproduced from Andréasson and
coworkers [360] with permission from the Royal Society of Chemistry
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[360]. A fluorescence-based nondestructive readout and a photo-controlled release
of compounds have been achieved.

4.2 Multi-responsive Photofunctional Transition Metal
Complexes

Recent developments on photofunctional transition metal complexes involve the
introduction of additional functionalities, giving rise to interesting and fascinating
multi-stimuli-responsive transition metal complexes. Nishihara and coworkers
reported a redox-active ferrocene-appended azobenzene as a monolayer on the
ITO electrode [361]. This class of compounds exhibits photochromism by single
source of green light, assisted by the electrochemical control from the ferrocene
moiety [361]. Akita and coworkers also introduced diarylethene into redox-
responsive iron complexes [362, 363]. The photochromic reaction was found to
perturb the communication between the two iron chromophores. Efficient molecu-
lar wirelike properties with one-electron oxidation could only be achieved in the
closed form with high switching factor, giving rise to a photo-active molecular
wire. The same research group also reported a similar system based on ruthenium
and iron complexes, which showed electrocyclization behavior, as shown in
Fig. 29a [364]. Based on the earlier example on the utilization of 9-mesityl-10-
methylacridinium as photoredox catalyst reported by You, Fukuzumi, Nam and
coworkers [365], the photocycloreversion quantum efficiency was enhanced by one
order of magnitude using the cyclometalated iridium(III) photoredox catalyst with
long-lived charge-transfer excited state [366]. By using ultrafast spectroscopy, the
mechanism has been believed to involve PET, followed by electrocatalytic ring-
opening and reductive termination (Fig. 29b). Detailed photophysical and electro-
chemical studies revealed the strong negative relation between back electron
transfer rate and the Gibbs free energy changes, indicative of the occurrence of
back electron transfer in the Marcus inverted region. The investigation has provided
insights into the future development of photoredox catalysts for the improvement of
photocycloreversion quantum yields.

Apart from manipulating the redox properties, photo-controlled magnetic prop-
erties have also received tremendous attention. In 2009, Frank and coworkers
reported a photochromic spirooxazine-containing cobalt bis(dioxolene) complex
(Fig. 30a) [367]. Valence tautomerism of cobalt(II) bis(dioxolene) with conversion
between low-spin and high-spin states could be observed by modulating the phys-
ical environment of the complexes, for example, by changing the temperature.
Attempts on investigating the photo-perturbation of the magnetic properties have
been limited due to the small photochromic conversion. Later, this was realized by
Khusniyarov and coworkers by replacing the spirooxazine-containing
phenanthroline ligand with two 4-styrylpyridine ligands in cobalt(I) bis(dioxolene)
complex (Fig. 30b) [368]. The result showed that the spin-state equilibrium by
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Fukuzumi, Nam and coworkers [366] with permission from the Royal Society of Chemistry

valence tautomerism could be altered by photo-induced trans-to-cis isomerization
at room temperature.

In 2009, Miyasaka, Irie and coworkers synthesized a diarylethene-appended
mixed-valence tetranuclear [MnHzMnHIZ] complex [369]. X-ray crystal structure
revealed a polymeric one-dimensional linear structure of [Mn,] SMMs linked by
the bis-carboxylate functionalized diarylethene ligands. Two forms of SMMs were
prepared using their corresponding open and closed form of diarylethene
bis-carboxylate. However, a significant difference in magnetic property via
through-space interunit-interaction was only observed upon photocycloreversion
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Fig. 30 (a) Chemical structure and (b) schematic diagram of the photofunctional transition metal
complexes with switchable magnetic property. Reproduced from Khusniyarov and coworkers
[368] with permission from the Royal Society of Chemistry

of the closed form of SMMs. Thus, this was attributed to the difference in molecular
packing in the crystals. Other diarylethene-bridged SMMs have also been investi-
gated by Yamashita and coworkers [370, 371]. A similar approach to modulate the
magnetic property was also done by Oshio and coworkers [372]. They incorporated
the diarylethene-containing 1,10-phenanthroline reported previously by Yam and
coworkers [264] into the iron(II) metal center. Spin-state conversion of 20% was
observed under UV irradiation at 173 K [372]. The same iron(II) complex has also
been investigated by Khusniyarov and coworkers and revealed that the photo-
induced spin crossover could occur at room temperature with 40% conversion
(Fig. 31a) [373]. In 2011, Jana, Herges and coworkers reported an interesting
finding on photo-induced spin-crossover phenomenon at room temperature
[374]. Nickel(II) is known to possess different spin states according to the
coordination mode, with 4-coordinated nickel(Il) being low spin and
6-coordinated nickel(Il) being high spin, while 5-coordinated nickel(II) could be
either high or low spin. A photo-active azo-containing nickel-porphyrin, as shown
in Fig. 31b, was synthesized [374]. In the trans-configuration, the square-pyramidal
coordination geometry about the nickel(II) center is not favorable, whereas in the
cis-configuration, coordination to the nickel center has become possible. In other
words, this system has provided an elegant example of bringing about photo-
induced switching of the coordination number and coordination geometry of the
metal center. More importantly, this has resulted in the formation of a paramagnetic
5-coordinated nickel(II) complex and the reversible photo-switching of magnetic
properties. Later, the same group studied the substituent effect on the photochromic
group, which was also investigated using DFT calculations, and the switching
efficiency was improved to 72% paramagnetic Ni-porphyrin after photo-
irradiation [375].

Diarylethene photochromism is well known to exhibit photo-switchable elec-
tronic communication between two pendant groups, which represents an ideal
photofunctional moiety for NLO properties. In 2008, Le Bozec and coworkers
reported diarylethene-containing zinc(Il) diimine diacetate complexes (Fig. 32a)
[376]. Their open forms showed weak NLO response, while the closed form, after
photo-excitation at 365 nm, exhibited strong NLO behavior, attributed to the
improved communication between the electron-donating dimethylamino group
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Fig. 31 (a) Schematic diagram of photo-induced spin crossover of diarylethene-containing iron
(II) complex. Reprinted with permission from Khusniyarov and coworkers [373]. Copyright 2013
American Chemical Society. (b) Photo-induced switching of coordination mode of the nickel
(II) porphyrin complex. Reproduced from Herges and coworkers [375] with permission from
Wiley-VCH

and the electron-accepting perfluorocyclopentene moiety. Later, the investigation
was extended to the tetrahedral copper(I) bis(bipyridine) complexes using a similar
ligand (Fig. 32a) [377]. The copper complexes showed photochromism in the NIR
region with band maximum at 701 nm and strong enhancement of the NLO
response upon photocyclization. Similar to the molecular design based on transition
metal-diimine-DAE donors reported by Le Bozec, Jacquemin and coworkers
showed an enhancement of hyperpolarizability of the iron(II) complexes upon
photocyclization (Fig. 32a) [378]. In 2014, Jacquemin, Boucekkine, Roberto and
coworkers reported the photo-switchable second-order NLO properties of a series
of cyclometalated platinum(Il) complexes (Fig. 32b), leading to the best yfgrisu
reported to date for the platinum(Il) complexes [379]. In addition, this represents
the first demonstration of the photo-switchable NLO behavior of transition metal
complexes in PMMA thin film, opening up a new area for further development.
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Fig. 32 (a) Chemical structures of photofunctional transition metal complexes with switchable
NLO behavior [376-378]. (b) Photo-induced NLO switching of cyclometalated platinum
(II) complexes. Reprinted with permission from Jacquemin, Boucekkine, Roberto and coworkers
[379]. Copyright 2014 American Chemical Society

4.3 Photo-controlled Molecular Machines

Over the past years, inspiring molecular machines with molecular motions trig-
gered by external stimuli, for example, change in pH, metal coordination, and redox
environment, using rotaxanes, catenanes, or others have been reported by Lehn
[380-382], Sauvage [383-390], Stoddart [391-393], Schmittel [394, 395], Balzani
[396-398], Feringa [399-402], Collin [388-390, 403], Aida [404—407], Rebek
[408], and others [409—417]. In particular, molecular movements operated by
light irradiation possess unique advantages of easily controllable excitation wave-
lengths and high site selectivity. By incorporating transition metal centers, higher
structural versatility and richer photophysical and electrochemical properties were
demonstrated. Sauvage, Stoddart and coworkers reported the photo-responsive
molecular interlocked system using a ruthenium(II) tris(2,2’-bipyridine)-containing
bistable [2]rotaxane (Fig. 33a) [418]. The PET phenomena from [Ru(bpy)g]2+ to
BIBP unit and the strong interaction between reduced BIBP cationic radical and
dicationic CBPQT diradical were used to construct the light-stimulated interlocking
system [418]. Without an external stimulus, CBPQT would prefer to rest on the
n-electron-rich 1,5-dialkoxynaphthalene driven by donor—acceptor interactions. In
the presence of a sacrificial electron donor, such as TEOA, all the BIBP and
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Fig. 33 (a) Chemical structure of the molecular switch. (b) Schematic diagram showing the
photo-induced movement. Reproduced from Sauvage, Stoddart and coworkers [418] with
permission from Wiley-VCH

CBPQT units were reduced to their corresponding cationic radicals by PET.
Molecular movement was subsequently induced, stabilized by radical pairing
interactions between CBPQT and BIBP cationic radicals. Upon contact with oxy-
gen, the radicals were oxidized, and CBPQT would return to the original position
by regaining the donor—acceptor interaction (Fig. 33b). The use of ruthenium
chromophore in place of TTF used in most organic systems has resulted in much
improved redox reversibility in aqueous solution, providing insights on the devel-
opment of light-stimulated molecular switches for nanobiomechanical systems and
molecular prosthetics.

The photo-triggered molecular motor is another class of molecular machines that
has received much attention for multicomponent supramolecular devices [382, 383,
400, 419-424]. Schmittel and coworkers reported a nanomotor based on four-
component self-assembly of two different zinc(Il) porphyrins, DABCO and cop-
per(I) ion [419]. Control of rotation speed between 97,000 s~ ! and ~80,000 s~ ! has
been achieved by controlling the number of equivalents of copper(I) ion [419]. Fur-
ther work has been done on the speed control by using light/heat as external
stimulus. In the presence of photochromic 2,2’-diazastilbene, which reversibly
converts between monodentate and bidentate coordination mode toward a copper(I)
metal center, the speed of the molecular rotor could be reversibly altered between
81,300 s~! and 38,200 s~ ! (Fig. 34a) [420]. Alternatively, Feringa and coworkers
reported a photochromic molecular rotor based on an overcrowded alkene, with the
rotation speed controlled by structural design [421]. The molecular rotor was
functionalized with different ligation sites and incorporated into palladium
tetraphenylporphyrin [422] and ruthenium bipyridine [423] systems (Fig. 34b).
The presence of metal-ligand chromophore has opened up the possibility of
visible-light excitation to trigger the molecular rotor, which was believed to
improve the robustness of the entire system. For the ruthenium(II) system devel-
oped by Wezenberg, Feringa and coworkers, the metal coordination to the
4,5-diazafluorenyl motif has served to reduce the steric hindrance of the
overcrowded alkene and resulted in a 50-fold increase of rotation speed upon
photo-irradiation when compared to the metal-free counterpart [423]. The interest-
ing photochromic overcrowded alkene has also been utilized in the construction of
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Fig. 34 (a) Schematic diagram showing the reversible conversion between high-speed ROT-1
and low-speed ROT-2. Reproduced from Schmittel and coworkers [420] with permission from the
Royal Society of Chemistry. (b) Isomerization behavior of the molecular rotor. Reproduced from
Feringa and coworkers [423] with permission from Wiley-VCH. (¢) Schematic diagram showing
the interconversion of the three-state photo-responsive phosphine ligand. Reprinted with permis-

sion from Macmillan Publishers Ltd: Nature Communications [424], copyright 2015
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phosphine ligands to control their chirality for enantioselective catalysis [424]. The
helicity of the diphosphine ligand and the spatial distance between the phosphorus
centers have been carefully modulated (Fig. 34c), showing impressive results in
catalysis from nearly racemic mixture for (P,P)-trans-state to 93/7 e.r. for (M,M)-
cis-state and 6/94 e.r. for (P,P)-cis-state.

In 2007, a molecular lock was developed by Fujita and coworkers based on the
photo-induced ligand dissociation process of the platinum(II)-pyridine moiety
[425]. A catenated dimer was formed when the complex was irradiated in
DMSO-H,0 (1:2 v/v) solvent mixture, whereas unlocking could be achieved by
UV irradiation in MeCN-MeOH (1:1 v/v) solvent mixture, representing an inter-
esting example of light-controlled supramolecular architecture (Fig. 35a) [425]. On
the other hand, molecular capsules that are responsive toward light are particularly
important for the development of systems for the controlled release of guest
molecules. Rebek and coworkers reported the use of photochromic azobenzene as
guest molecule [426] for complexing with a molecular capsule [427]. In the
presence of n-tridecane in mesitylene solution, frans-4-methyl-4'-hexylazobenzene
remained encapsulated due to stronger non-covalent interactions. However, upon
photoisomerization, the large structural change to the cis-isomer resulted in its
release from the capsule, allowing the labile n-tridecane to move in [426]. The
investigation of a photo-induced guest exchange reaction in the encapsulation
complex was further extended to wavelength-dependent and sequential light-
triggered guest exchange by using an additional photo-active guest, HTI, which
could be readily isomerized under irradiation of longer wavelengths at 410—430 nm
[428]. As a result, in the presence of cavitand, glycoluril, HTI, azobenzene,
4,4'-dibromobenzil, and p-cymene, two types of assemblies were initially observed,
encapsulating the two photo-active species with both p-cymene and
4.,4'-dibromobenzil free in solution, as shown in Fig. 35b. Based on the previous
experience in guest exchange processes [426], sequential guest exchange or parallel
guest exchange reactions could be well controlled by using different excitation
wavelengths. Photo-controlled guest uptake and release could also be accomplished
with a photochromic cage. Clever and coworkers utilized pyridine-appended
diarylethene and connected it via palladium coordination [429]. The reversible
transformation between flexible open form and rigid closed form has resulted in
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Fig. 35 (a) Schematic diagram showing the photo-induced molecular lock. Reprinted with
permission from Fujita and coworkers [425]. Copyright 2007 American Chemical Society. (b)
Sequential guest exchange reaction by irradiation of different wavelengths. Reproduced from
Rebek and coworkers [428] with permission from Wiley-VCH. (¢) Schematic diagram showing
the photochromic coordination cage and its binding of guest. Reproduced from Clever and
coworkers [429] with permission from Wiley-VCH

variation in affinity toward B,,F;»,>~ anion (Fig. 35c). These examples on the
reversible molecular encapsulation should provide insights toward further applica-
tions and developments of supramolecular catalysis and drug delivery.
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Fig. 35 (continued)
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5 Advancement of Photofunctional Transition Metal
Complexes in Biological Applications

Construction of in vitro biological probes based on the functionalization of transi-
tion metal complexes with substrate pendants specifically recognized by the target
host molecules or with hydrophobic moieties enabling nonspecific hydrophobic
interactions between the complexes and target biomolecules have been well
exploited [430, 431]. Changes in local environment upon binding with targets
would give rise to the alteration of the photophysical properties of transition
metal complexes, which has constituted the fundamentals of the detection strategy
[430, 431]. A new research dimension based on the utilization of metal-metal
interactions of square-planar d® platinum(II) complexes upon their formation of
supramolecular assembly for the detection of biomolecules has also been
established. Advantaged by the incorporation of water-soluble functionalities as
well as the “switching on” of *MMLCT emission in the NIR region upon self-
assembly, the exploration of in vitro biological sensing capability of
alkynylplatinum(II) complexes in aqueous environment has emerged. Polyanionic
single-stranded DNA with a certain critical length has been demonstrated by Yam
and coworkers to induce self-assembly of an achiral cationic alkynylplatinum
(Il) terpyridine complex via electrostatic interactions with the involvement of
metal-metal and n—r stacking interactions (Fig. 36a) [432]. The resultant NIR
*MMLCT emission and induced circular dichroism signal enhancement have
been found to exhibit strong correlation with the primary and secondary structures
of these oligonucleotides, serving as an effective way for the differentiation of these
oligonucleotides. The same complex has also been utilized to probe the formation
of G-quadruplex from several short G-rich oligonucleotides in the presence of K*
ion, along with the turning on of the NIR SMMLCT emission due to a substantial
increase in the local density of negative charges of the G-quadruplex conformation
[433]. Owing to the close spectral overlap between the emission energy of
PPE-SO;™ and the absorption energy of aggregated dicationic alkynylplatinum
(II) terpyridine complex as shown in Fig. 36b, the formation of polymer—-metal
complexes aggregates has led to an efficient FRET from the PPE-SO;™ donor to the
aggregated platinum(II) complex [434]. Addition of human telomere resulted in the
modulation of the extent of the aggregation behavior of platinum(II) complex and

(b)

Me;N

Fig. 36 Chemical structures of alkynylplatinum(II) terpyridine complexes, which are utilized for
in vitro (a) differentiation of oligonucleotides of various sequences and probing the formation of
G-quadruplex structure [432, 433] and (b) sensing of human telomere [434]
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hence the FRET efficiency, giving rise to a ratiometric detection of human telomere
through the monitoring of emission spectral changes over the visible-NIR region.
Such label-free detection strategy has also been demonstrated to distinguish
G-quadruplex structure formed by human telomere from other G-quadruplex-
forming sequences with high selectivity.

Increasing research interest has also been directed to the exploitation of the
potential of transition metal complexes to function as sensing probes for cellular
detection. Dinuclear ruthenium(II) polypyridine complex prepared by the group of
Battaglia and Thomas has been found to differentiate DNA duplex and quadruplex
structures in living cells based on the turning on of two separate emissions
(Fig. 37a) [435]. Incorporation of the phenanthridine moiety to the ruthenium
(Il) complex has been demonstrated by Turro and coworkers and shown to give
rise to the duplex RNA probing capability along with significant emission enhance-
ment (Fig. 37b) [436]. Williams and coworkers reported a 2-pyridyl-benzimid-
azole-containing iridium(III) complex capable of revealing the changes in
intracellular pH with the exhibition of different emission color (Fig. 37c)
[437]. The protonation of the benzimidazole ring at decreasing pH which resulted
in the changes in LF strength and hence the excited-state properties of the complex
could account for its pH-sensing capability. Ye, Yuan and coworkers have reported
a weakly emissive ruthenium(II) complex which is applicable for real-time cellular
nitric oxide detection (Fig. 37d) [438]. Such weakly emissive nature has been due
to the presence of the electron-rich o-diaminophenyl moiety which quenched the
luminescence of the metal complex via PET. Incubation of the metal complex-
deposited plant or animal cells with a nitric oxide donor has been shown to result
in intense red intracellular luminescence, attributed to the conversion of the
o-diaminophenyl moiety to benzotriazole functionality. A non-emissive
cyclometalated iridium(III) complex prepared by Li and coworkers has been
shown to function as a reaction-based phosphorescence switch-on probe for the
detection of histidine/histidine-rich proteins in the nuclei of living cells (Fig. 37¢)
[439]. This was ascribed to the reaction of the metal complex with the histidine/
histidine-containing proteins in nuclei which led to the formation of the highly
emissive adduct. An iridium(III) complex reported by Tobita and coworkers was
functionalized with a tetraproline-linked coumarin 343 and exhibited dual emission
of both fluorescence from coumarin and red phosphorescence from the iridium(III)
phosphor moiety (Fig. 37f) [440]. Increasing cellular oxygen level in HeLa cell has
resulted in the quenching of the red phosphoresce of metal complex, while its
fluorescence intensity remained nearly unchanged. Such a ratiometric monitoring
of the fluorescence and phosphorescence intensity changes has enabled this com-
plex to function as a potential cellular probe for hypoxia to provide quantitative
mapping of local oxygen levels in living cells. A zinc(II) salen complex with
thioether functionalities reported by Zhang and coworkers has been found to
respond to H,O, selectively in acidic environment with the presence of
myeloperoxidase with significant emission intensity enhancement than that of
other biologically relevant reactive oxygen species (Fig. 37g) [441]. This has
been ascribed to the specific enzymatic conversion of H,O, and C1™ to ClO™.
This complex has also been shown to predominantly localize in lysosomes and to be
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Fig. 37 Chemical structures of ruthenium(II), iridium(III), zinc(II) and gold(IIl) complexes,
which are utilized for cellular sensing of (a) duplex DNA [435], (b) duplex RNA [436], (¢) pH
[437], (d) nitric oxide [438], (e) histidine/histidine-rich proteins [439], (f) oxygen level [440], (g)
H,0, [441], and (h) glutathione [442]

capable of detecting both exogenous and endogenous lysosomal H,O, level in
living cells. A non-emissive gold(II)-NHC complex reported by Che and
coworkers has been found to signal the cellular glutathione content by the release
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Fig. 38 Chemical structures of platinum(II) complexes reported by the groups of (a) Yam [443]
and (b) Che [444], which are utilized for cellular pH sensing based on their self-assembly
properties
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of fluorescent bzimpy upon the reduction of gold(II)-NHC to gold(I)-NHC by
glutathione, reminiscent of the activation process of platinum(IV) prodrugs by
intracellular reduction to give platinum(II) complexes (Fig. 37h) [442].

The self-assembly properties of transition metal complexes have also been
employed in the cellular probing strategy. Alkynylplatinum(Il) complexes reported
by Yam and coworkers have been demonstrated to function as a cellular pH sensor
with significant NIR emission intensity enhancement at acidic pH due to the
aggregation of the metal complex molecules via metal-metal and n—n stacking
interactions (Fig. 38a) [443]. Significant diminution of emission intensity was
observed at high pH. This has been attributed to the combination effect of enhanced
hydrophilicity of the complex molecules upon deprotonation of the phenolic func-
tionalities which gives rise to the deaggregation of the complex molecules, as well
as PET quenching upon an increase in the electron richness of the alkynyl ligands.
Similarly, cyclometalated platinum(II) complex reported by Che and coworkers has
been shown to exhibit pH-dependent emission color in various cellular compart-
ments (Fig. 38b) [444]. Orange SMMLCT emission would be turned on in acidic
compartments attributed to the formation of the intracellular aggregates of the
complex molecules associated with metal-metal and n—r stacking interactions,
while green emission would be observed upon its disassembly in increasing pH
environment. In addition, this complex has been shown to be capable of forming
hydrogel via intermolecular hydrogen bonding interaction between the pyrazole
unit, capable of functioning as a delivery vehicle for therapeutic drugs to cell.

Understanding the structural effect of transition metal complexes on cellular
uptake properties will be helpful in the design of cellular probes and imaging
agents. Systematic studies on the effect of charge, lipophilicity, and size of transi-
tion metal complexes on cellular uptake as well as subcellular internalizing prop-
erties have been reported [431, 445-451]. A series of ruthenium
(IT) dipyridophenazine complexes with various ancillary ligands of different hydro-
phobicity has been synthesized by Barton and coworkers, with their cellular uptake
efficiency in HeLa cell investigated (Fig. 39a) [445]. HeLa cells incubated with the
DIP-containing ruthenium(II) complex has been found to show more intense
luminescence with respect to the case of bpy and phen as ancillary ligands,
suggesting the facilitation brought about by the lipophilicity of the DIP ligand for



256 H.-L. Wong et al.

@ Q.

-~ N — — — —
| N
N N / \Y 7, \
o L Bl e v v e
S
NN SN |\N
N—" folele}
\ /, Al / \ I/ \Y ‘I
(b)
. -2
R
HN\\‘,NH2
P HN
N/
~ -~
| R =
N =N N2 o
©:, \Rlu/ N OH
]
NN | SN H
[ 1 O/ s
2N =
~
|
P erl\\r,NH2
HN
o) H O
- N
OH
H og HN
HN—«
(c) S
I -
N NS
R“O ’N /N\ | /N -~
O:@; pitd Ri= C,Hs, CaH or CoHrs
R NN | N7
- N\ ! -
I -

Fig. 39 Chemical structures of ruthenium(II) dipyridophenazine complexes with (a) ancillary
ligands of different hydrophobicity [445], (b) cell-penetrating peptide [446], and (c) alkyl ether
chains of various lengths [447], which are utilized as imaging agents

cellular uptake despite the larger size of the complex molecule. In addition, the
importance of positive charge of the metal complexes on improving cellular uptake
has been confirmed with only weak luminescence obtained for the HeLa cell
incubated with the carboxylate-containing neutral ruthenium(Il) complex. Conju-
gation of the ruthenium(II) complexes with cell-penetrating peptide has also been
shown by the same group to assist cellular uptake as the octaarginine could provide
extra-positive charges for cellular entry across the membrane potential (Fig. 39b)
[446]. Tagging the fluorescein moiety to cell-penetrating peptide could even direct
the localization of the resultant ruthenium(II) complex to the nucleus of HeLa cells,
suggesting that the enhanced lipophilicity given by the fluorescein tag greatly
contributes to the nucleus-staining properties of this complex. Modulation of the
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cellular uptake efficiency by the introduction of alkyl ether chains of various
lengths to the dipyridophenazine moiety of the ruthenium(Il) complexes has been
demonstrated by Svensson and coworkers (Fig. 39c) [447]. Increase in alkyl ether
chain length has been shown to give rise to an enhancement of the hydrophobicity
of the metal complexes as well as their preferential localization in the hydrophobic
membrane structures in cytoplasm rather than staining the nuclei. Detailed inves-
tigations on the effect of chemical structures of the classes of iridium(III), rhodium
(IIT), and rhenium(I) complexes on cellular uptake have also been performed by the
research groups of Lo, Li, Coogan, and Sheldrick [431, 448-451]. Other than
ruthenium(Il) complexes, rhenium(I), iridium(III), thodium(IIl), platinum(II), and
gold(I) complexes have also been demonstrated with specific staining capability for
different subcellular compartments, such as cytoplasm, nucleus, nucleoli, mito-
chondria, endoplasmic reticulum, Golgi apparatus, lysosomes, vacuoles, and mem-
branes [431, 448-450], enabling the visualization of various cellular compartments
under microscopy.

Stimulated by the successful clinical trials involving the utilization of transition
metal complexes for the treatment of various diseases, considerable efforts have
been continuously devoted to the search for other potential transition metal-based
therapeutics. Long-lived excited states of phosphorescent transition metal com-
plexes have enabled their potential capability to be employed as photosensitizers
for photodynamic therapy as the excited states of which would react with molecular
oxygen to generate different reactive oxygen species for cell killing [452]. Integra-
tion of the target-internalizing properties and photo-induced cytotoxicity in the
design of transition metal-based therapeutics would increase the effectiveness of
the photodynamic treatment. Cyclometalated iridium(IIT) complex with poly(eth-
ylene glycol) pendant has been reported by Lo and coworkers and demonstrated to
internalize in mitochondria with negligible cytotoxicity in the dark (Fig. 40a)
[453]. However, enhanced photo-induced cytotoxic activity has been observed
upon photo-excitation due to the generation of singlet oxygen. Protonation of the
three amino functionalities of an iridium(IIl) complex reported by Aiko and
coworkers has been shown to give rise to the intense green emission for the imaging
of acidic organelles, such as lysosomes (Fig. 40b) [454]. Interestingly, photo-
excitation of this complex has led to efficient singlet oxygen generation only
under acidic condition. Such pH-dependent photosensitizer has resulted in the
photo-induced cell death of HeLa-S3 cells via necrosis owing to the massive
breakdown of lysosomes by the reactive oxygen species. An iridium(IIT) complex
reported by Meggers and coworkers has been shown to result in considerable
enhancement in cytotoxicity upon irradiation with visible light and hence apoptotic
cell death (Fig. 40c) [455]. Such photocytotoxicity and efficient cellular apoptosis
have been correlated with the facile substitution of the selenocyanate by chloride
ligand upon visible-light activation. Apart from that, the inhibitory effect of tran-
sition metal-based therapeutics for amyloid fibrillogenesis has also been explored.
A solvato iridium(IIT) complex reported by Ma and coworkers has been found to
probe the presence of APy fibrils with emission switched on (Fig. 40d)
[456]. This has been ascribed to the displacement of the labile co-ligands by the
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Fig. 40 Chemical structures of iridium(IIl)-based therapeutics reported by the groups of (a) Lo
[453], (b) Aiko [454], (c) Meggers [455], and (d) Ma [456]

imidazole N-donor ligand of histidine residues of Ap;_y4 fibrils, providing a hydro-
phobic environment of reduced exposure to solvent molecules which disfavors
oxygen quenching. Importantly, this complex has been shown to inhibit AB;_4¢
peptide aggregation with fibrils of significantly reduced lengths obtained, in which
the interaction of phenylpyridine of the metal complex with the aromatic side
chains around the N-terminal domain of AP;_4 peptide has accounted for its
inhibitory properties [456].

6 Advances in Frontiers of Supramolecular Chemistry

Continuous efforts have been made to search for new molecular-based
photofunctional materials of improved properties through rational design of the
molecular structures. Introduction of the concept of supramolecular chemistry to
the design of photofunctional materials beyond molecular levels has opened up a
new research dimension, attributed to the unlimited possibilities arising from the
unique features of these assemblies of hierarchical complexities which are absent in
the constituting discrete molecules. Transition metal complexes of d® and d'®
electronic configurations with the respective square-planar and linear coordination
geometry, which favor the axial overlap of the frontier orbitals, have been demon-
strated to exhibit strong propensity to self-aggregate into supramolecular assem-
blies [13—-16, 457-461]. The involvement of the non-covalent metal-metal and/or
n—7 interactions within the supramolecular architectures would give rise to the
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intriguing photophysical properties of these classes of complexes, rendering their
potentials to function as supramolecular-based photofunctional materials. In addi-
tion to the aforementioned applications in WOLED fabrications and biological
sensing, a recent review by Yam and coworkers has also described the diverse
photofunctional applications of versatile d® and d'® transition metal complexes
based on their supramolecular assembly features [462].

Owing to the combination of relativistic and correlation effects [457, 458],
aurophilic interactions have been observed in numerous examples of
low-dimensional gold(I) complexes as well as multinuclear supramolecular archi-
tectures of gold(I) clusters, with intriguing spectroscopic properties associated with
the intra- and/or intermolecular gold(I)-gold(I) interactions [462—464]. The intro-
duction of external stimuli, such as solvent vapor and mechanical stress, on the
modulation of the extent of such aurophilicity of this class of complexes in the solid
state, and hence their alteration of structural properties and spectroscopic changes,
has been well illustrated [462-464]. In this section, selected examples of the
recently reported low-dimensional gold(I) complexes and gold(I) clusters of high
nuclearities have been highlighted as the illustrative models for the realization of
the versatile potential applications stemming from the modulation of supramolec-
ular interactions and, in this particular case, the aurophilicity or the aurophilic
interactions.

In view of the sensitivity of aurophilic interactions in the supramolecular
assemblies toward the environment, incorporation of ion receptor functionalities
to the gold(I) systems would lead to the modulation of the assembly behaviors upon
ion complexation and hence the changes in the luminescence properties associated
with the alteration of the aurophilic interactions. Functionalization of
isocyanobenzo[15]crown-5 or isocyanobenzo[l8]crown-6 to the bis(alkynyl)-
calix[4]arene gold(I) complexes has been demonstrated by Yam and coworkers to
give rise to the K* and Cs* ion-sensing capability of the gold(I) complexes as shown
in Fig. 41a [465]. The sandwiching of these ions in the benzocrown units has been
shown to result in the formation of intramolecular gold(I)-gold(I) interaction with
the switching on of low-energy emission. A similar strategy has also been demon-
strated in the 2,6-dimethyphenyl isocyanide-containing analogue to signal the
detection of AI** jon upon its coordination to the carbonyl oxygen on the amide
functionalities, which would facilitate the two gold(I) moieties to come into close
vicinity (Fig. 41a) [466]. The three intramolecular oligoether pendants of a tripodal
alkynylgold(I) complex reported by the same group enabled the encapsulation of
Mg?* ion (Fig. 41b) [467]. This would lead to the close proximity of the three rigid
and linear alkynylgold(I) units for the formation of gold(I)-gold(I) interaction and
hence the switching on of a red emission. A tripodal alkynylgold(I) complex
containing three alkynyl units has been reported by Chao and coworkers to serve
as the coordination site for Cu* ion, which on binding caused the switching on of a
lower-energy emission with the involvement of intramolecular gold(I)-gold
(D interaction (Fig. 41c) [468]. A trinuclear gold(I) pyrazolate metallacycle has
been utilized by the group of Lintang and Aida to prepare a spin-coated film of
organometallic-silica nanocomposite with hexagonal nanochannels by sol-gel
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Fig. 41 Chemical structures of gold(I) complexes, which are utilized as sensing probes for (a) K*,
Cs*, and AIP* [465, 466], (b) Mg>* [467], (¢) Cu™ [468], and (d) Ag* [469, 470] ions

synthesis (Fig. 41d) [469, 470], in which one-dimensional molecular assemblies of
the trinuclear gold(I) metallacycle stabilized by gold(I)-gold(I) interactions have
been found within the robust hexagonal frameworks of the mesoporous silica,
giving rise to the red phosphorescence of the thin film. Exposure of this film to a
Ag™ ion solution resulted in the diminution of red phosphorescence but the emer-
gence of green emission, suggestive of the conversion of gold(I)-gold
(D interactions to gold(I)—silver(I) metallophilic interactions upon the permeation
of Ag* ion into the nanochannels [470]. Such finding has realized the potential of
this nanocomposite to function as ion-sensing nanomaterials. An octadecanuclear
gold(I) ps-sulfido cluster reported by Yam and coworkers has been shown to adopt
thiacrown-like structure and function as a macrocyclic host for selective Ag* ion
binding with an emergence of red emission owing to the formation of gold(I)-silver
(D adduct (Fig. 42) [471]. Addition of acetonitrile to this adduct has been shown to
reverse the binding event and spectroscopic changes without the disruption of the
metallosupramolecular architecture. A series of gold(I)-containing metallosupra-
molecular cages prepared by Yu, Yam and coworkers has been found to adopt
quadruple-stranded conformation with supramolecular chirality upon the self-
assembly of two achiral deep-cavitand calix[4]arene-based dithiocarbamate and
eight gold(I) metal centers (Fig. 43) [472]. Variation in the peripheral substituents
of dithiocarbamate ligands led to the formation of two-dimensional molecular
arrays of cages of different packing modes due to the involvement of various
extents of aurophilic interactions. Interestingly, these metallosupramolecular
cages have been shown to exhibit selective sensing behavior toward Ag* ion with
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Fig. 42 Crystal structure of octadecanuclear gold(I) u3-sulfido cluster. Reprinted with permission
from Yam and coworkers [471]. Copyright 2010 American Chemical Society

the switching on of red emission [472]. This is suggestive of the extension of gold
(D—gold(]) interactions via the formation of gold(I)-silver(I) metallophilic interac-
tion upon Ag* ion inclusion. Addition of tetracthylammonium iodide would result
in the disappearance of such red emission owing to the removal of Ag* ion upon
precipitation of Agl.

In light of the fact that changes in the microenvironment would result in the
alteration of the aurophilic interaction of the gold(I) systems as well as their
supramolecular assembly features, apart from the investigation on the uses as
ion-sensing probes, the exploration on the utilization of gold(I) complexes or
clusters as luminescence-based sensors for the detection of microenvironmental
changes has also been made. A dinuclear gold(I) complex with bridging
diphosphine has been shown by Lee and coworkers to be strongly emissive in the
solid state, but not in the solution state, owing to the substantial involvement of
intermolecular gold(I)-gold(I) interactions between the adjacent molecules in the
solid state as confirmed by X-ray crystallography (Fig. 44) [473]. Exposure of this
complex to trifluoroacetic acid vapor has been found to result in remarkable
diminution in its luminescence intensity, while the emission can be resumed upon
the exposure to triethylamine vapor. Interestingly, vapor of hydrochloric acid
would not lead to the observation as the case of trifluoroacetic acid. These findings
are indicative of the importance of the bulkiness of trifluoroacetic acid on the
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Fig. 44 Chemical structure of dinuclear gold(I) complex, which is utilized as an acid vapor-
sensing probe [473]

dissociation of the intermolecular aurophilic interactions, which accounts for the
trifluoroacetic acid vapor-probing capability of this dinuclear gold(I) complex. An
octanuclear alkynylgold(I) diphosphine cluster prepared by the group of Koshevoy
and Chou has been demonstrated to exhibit thermochromic luminescence response
in the solid state, with significant red shifts and intensity enhancement upon
decreasing temperature (Fig. 45) [474]. Such thermochromic behavior was lost
upon grinding and was found to be absent in the solution state because of its
dissociation into different species as confirmed by NMR and mass spectroscopic
studies. These observations are suggestive of the temperature-dependent lumines-
cence behavior arising from the crystal lattice rearrangement, giving rise to the
potential capability of this cluster to function as thermochromic luminescence
Sensor.

Upon the introduction of photo-reactive or photo-responsive functionalities to
the gold(I) systems, the investigation on the effect of aurophilicity on the photo-
chemical reactivity and the modulation of the supramolecular assembly properties



Transition Metal-Based Photofunctional Materials: Recent Advances and. .. 263

Fig. 45 Crystal structure of octanuclear gold(I) cluster, which is utilized as a thermochromic
luminescence sensor. Reproduced from Koshevoy, Chou and coworkers [474] with permission
from the Royal Society of Chemistry
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Fig. 46 Chemical structure of gold(I) isocyanide complex, which undergoes oligomerization in
dichloromethane solution [475]
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of this class of complexes upon photo-irradiation have been made possible. A
dichloromethane solution of a gold(I) isocyanide complex has been shown by the
group of Omary to exhibit oligomerization via intermolecular gold(I)-gold
(D interactions, as supported by the deviations of the lower-energy absorption
from Beer’s law (Fig. 46) [475]. Irradiation of this solution has been found to result
in photodissociation of the isocyanide ligand, followed by disproportionation to
form gold(I1I) and gold(0) photoproducts based on the emergence of the new lower-
energy absorption bands and HPLC measurements. Continuous irradiation has led
to the formation of purple suspension of colloidal gold nanoparticles from the
metallic gold, as confirmed by the observation of the plasmon resonance absorp-
tion. Increasing the concentration of the metal complex solution has been demon-
strated to give rise to the enhanced photoreactivity, owing to the red shifts of the
absorption band assignable to the involvement of aurophilic interaction within the
intermolecular aggregates which was responsible for the absorption of additional
photons for the photoreaction. This work has also successfully demonstrated a
method for the preparation of gold nanoparticles without the use of reducing agents.
The aforementioned example on the photoisomerization of cis—dppee moiety in
decagold(I) cluster prepared by Yam and coworkers has been shown to result in the
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Fig. 47 Crystal structure of

hexanuclear gold(I) cluster, '

which is utilized as a cluster s

linker .for the construction ' ) N\ y

of luminescent porous )

MOF. Reproduced from . 2
Wang and coworkers [476]

with permission from
Wiley-VCH

reconfiguration of the cluster architecture via transforming to an octadecagold
(D cluster with trans form of the organic diphosphine ligand (Fig. 27b) [358]. Sig-
nificant red shifts and intensity enhancement have been observed in the electronic
absorption and emission spectra of the decagold(I) cluster containing the cis form of
diphosphine ligand in methanol upon photo-excitation. Such observations are
attributed to the reduced HOMO-LUMO energy gap upon an increase of nuclearity
in the transformation. This finding is indicative of the potential of these clusters of
different symmetries to function as promising photochromic materials.

Owing to the high number of coordination sites as well as the luminescence
properties associated with the aurophilic interactions which are highly responsive to
the microenvironmental changes, the exploration on the use of gold(I) clusters as
alternative linkers for the construction of multifunctional superstructures has
emerged, of which MOFs of larger porosity with respect to those constructed
from organic linkers, integrated with the intrinsic luminescence properties and
high sensitivity toward changes in microenvironment that originated from the
constituting metal clusters, have been anticipated. Wang and coworkers have
utilized a luminescent 2-(3-methylpyrazinyl)-diphenylphosphine-containing
hexanuclear gold(I) cluster as a cluster linker for the construction of luminescent
porous MOF upon the addition of Ag" ion (Fig. 47) [476]. The resultant cluster-
based MOF, featuring with NbO topology and one-dimensional hexagonal chan-
nels, has been shown to exhibit intense luminescence in the solid state because of
the enhanced rigidity upon the formation of the three-dimensional architectures
through the coordination with Ag* ion. Such cluster-based MOF has also been
demonstrated to exhibit solvatochromism, of which its yellowish-green emission
has been turned to orange upon its immersion in diethyl ether, while the emission
color could be resumed upon subsequent immersion in methanol. The
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solvatochromic response has been ascribed to the interactions between the solvent
molecules and Ag* ion inside the hexagonal channels, illustrating the potential use
of this MOF for solvent molecule exchanges along with signals of various lumi-
nescence colors.

7 Summary and Perspectives

Unlimited combination of ligand functionalities and diverse bonding modes upon
transition metal complexation has resulted in transition metal-ligand chromophoric
and luminophoric complexes which constitute an important class of building
blocks. Their intrinsic electronic absorption, luminescence, and excited-state
redox properties not only allow for their fundamental photophysical and photo-
chemical studies but also expand the scope to the demonstration of their potential
applications in the areas of energy, catalysis, materials, biology, and diagnostics
which are indispensible to our daily lives. In addition to the molecular properties,
integration of the supramolecular assembly properties of the class of transition
metal complexes via metal-metal interactions as well as the hierarchical complex-
ity to the design of supramolecular-based functional materials has opened up a
research dimension of unlimited possibilities because of the uniqueness arising
from the supramolecular architectures. Importantly, the ease of stepwise incorpo-
ration of custom-made ancillary ligands to the transition metal centers has enabled
the systematic structural modification of this class of complexes, leading to the fine-
tuning of their photophysical, photoredox, as well as supramolecular assembly
properties, demonstrating the importance of their structure—property relationships
for the construction of photofunctional materials. The valuable information
obtained from the structure—property relationships of this class of complexes is
envisaged to provide an effective strategy for the improvement and optimization of
their functional properties. Continuous efforts are also anticipated in the exploita-
tion and development of new molecular- and supramolecular-based
photofunctional materials in the future.
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Abstract Optical spectroscopy of transition metal complexes plays an important
role in establishing excited-state electronic and nuclear structures and thus in the
elucidation of the multitude of photophysical and photochemical relaxation pro-
cesses. The most important advances in this area of research over the past decade
are due to the development of new experimental techniques such as ultrafast
spectroscopy as well as structure determination in conjunction with other methods
such as high-pressure and variable temperature techniques. In this contribution,
several paradigmatic systems, namely, of complexes of chromium(III), iron(Il),
ruthenium(II), nickel(II), platinum(II) and palladium(Il), are discussed with regard
to their excited electronic and nuclear structures and photophysical relaxation
processes.
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1 Introduction

Volumes 106 and 107 of Structure and Bonding entitled “Optical Spectra and
Chemical Bonding in Inorganic Compounds” [1] edited by Th. Schonherr were
dedicated to the memory of Christian Klixbiill Jgrgensen, author of the very first
article in Vol. 1 of Structure and Bonding, and his contributions to electronic
structure theory in compounds containing transition metal ions and lanthanides
[2-5]. Optical spectroscopy is the tool of choice to investigate both the complex
electronic and nuclear structures and thus chemical bonding in excited states of
these compounds. This is essential for understanding their photophysical properties,
which find applications, for instance, in dye-sensitised solar cells [6, 7], lighting in
lamps based on mercury discharge excitation [8] or in OLEDS [9, 10], in solid-state
lasers [11] and in biomedical research as fluorescent markers and for phototherapy
[12, 13]. The field of photophysics and photochemistry of transition metal com-
plexes and compounds is vast and still very active as borne out by important
international conferences [14] and special issues of peer-reviewed journals [15]
and monographs dedicated to this topic [16—18].

The most important advances over the past 10 years in the field came with the
development of ultrafast spectroscopic [19, 20] and structure determining methods
[21, 22] for the investigation of photophysical processes down to the femtosecond
timescale. Together with the advancement of mostly density functional theory
(DFT)-based computational approaches for open-shell systems [23-25], this has
resulted in a giant step forward with regard to the understanding of the sequence of
events and the dynamics of elementary photophysical steps following the initial
absorption of a photon, from intramolecular vibrational relaxation and vibrational
cooling [26] to internal conversion and intersystem crossing [27, 28] and from light-
induced excitation energy ([29] and references therein) and electron transfer [16—
18] to proton-coupled electron transfer [30, 31] and photochemical reactions [32-
34] involving transition metal complexes.

It is of course impossible to cover all of the above aspects in the comparatively
restricted space available for the topic of optical spectroscopy and chemical bond-
ing allocated in this anniversary volume of Structure and Bonding. In the following
we shall show how the understanding of the excited-state electronic and nuclear
structures and the photophysical properties of transition metal compounds has
evolved over the past decade as a result of the abovementioned new experimental
techniques. We will begin with the historically important and comparatively simple
@ chromium(III) systems and go on to discuss the more complex and fascinating
iron(II) complexes, with their many low-lying ligand-field states leading to
temperature-, pressure- and light-induced spin crossover. The latter will naturally
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lead to the other d° transition metal ion, namely, ruthenium(II) and a discussion of
the luminescence quenching by a low-lying ligand-field state in the family of
polypyridyl complexes. Finally, square-planar d° nickel(II), palladium(II) and plat-
inum(II) complexes are very susceptible to the application of external pressure, and
corresponding experiments can teach us a lot on ground- and excited-state geom-
etries and bonding in such complexes.

2 Paradigmatic Case Studies

2.1 Chromium(III)

Chromium(III) holds a special place in the development of electronic structure
theory of transition metal ions, going back to the historic experiments of Becquerel
[35] on the determination of the lifetime of the sharp line luminescence in ruby, that
is, sapphire doped with Cr**, Al,O5:Cr**. As nicely summarised by Imbusch and
Yen [36], ruby has been instrumental in the development of modern ligand-field
theory by Tanabe and Sugano [37] and in establishing basic principles governing
the photophysical properties of transition metal complexes in particular with
respect to geometries of excited states as, for instance, the Jahn—Teller distortion
in the 4Tz(tzgzegl) state [38, 39]. Likewise, the sharp emission doublet at 693 nm
could be attributed to the zero-field split origins of the >E—*A, spin-flip transition,
both states belonging to the same t2g3 electronic configuration and therefore having
the same bonding characteristics and equilibrium geometries. Ruby was used as
active medium in the first laser [40] and henceforth served to demonstrate at the
time novel optical phenomena such as fluorescence line narrowing [41], transient
photophysical hole burning [42], photon echo [43], ODMR [44] or more recently
the creation of slow light [45] to name but a few. Only over the past two decades did
some of these methods find their way toward the investigation of a number of
interesting photophysical phenomena in coordination compounds of chromium
(III). For instance, Riesen et al. [46, 47] discovered a very efficient mechanism
for persistent photophysical spectral hole burning in the electronic origins of the
“*A,—’E transition based on flipping partially deuterated water molecules in the 2D
oxalate network NaMgAl(ox);-9H,O doped with Cr’*, and Hauser et al. [48]
evidenced very efficient resonant energy migration within this state in the 3D
oxalate network [NaCr(ox);][Rh(bpy);]ClOy4, ox = C20427, bpy = 2,2/-bipyridine,
at 1.3 K. The latter contrasts with the more common phonon-assisted energy
migration usually found for this process in more concentrated systems [36, 49,
50]. Chromium(III) systems are also model systems for vibronic coupling between
excited states. For ligand-field strengths for which the “E and the “T, states are
almost equienergetic, this leads to Fano resonances [51], indirectly illustrating fs-
time-domain dynamics as described theoretically by Neuhauser et al. [52] and
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Fig. 1 (a) Potential energy diagram of the lowest-energy ligand-field states for Cr**, ISC
(intersystem crossing) and ESA (excited-state absorption); (b) transient absorption at 480 nm
measured in Cr(acac); following pulsed excitation at 650 nm, that is, into the spin-allowed ligand-
field transition. /nset: excitation spectrum at a delay of 5 ps (®) overlaid with the ground-state
absorption spectrum (—) in the region of the *A,—*T, transition (Adapted from [56])

applied to the antiresonance observed for the coupled transition for a Cr**-doped
zirconium oxide glass [53]

Thus, one very important process, for instance, for the operation in the three-
level laser and also for the photophysical and photochemical properties of Cr*
complexes in general [54, 55], is the intersystem crossing process from the initially
excited “T, state to the “E (see Fig. 1). Indirect estimates of this process showed it to
be very fast [57] for a number of photochemically interesting metal—organic
complexes, but a direct observation proved only possible with the advent of
ultrafast laser systems and sufficiently sensitive pump—probe techniques to monitor
the small population changes and transient absorbance changes achievable when
working with parity-forbidden ligand-field transitions. Juban et al. [56, 58, 59] thus
investigated the Cr(acac); complex (acac = acetylacetonate) in solution using direct
excitation into the 4A2—>4T2 absorption band. The ultrafast evolution of the excited-
state absorption (ESA) clearly showed that the E state is populated within less than
100 fs following the excitation, which the authors interpreted as the so-called
prompt process occurring directly from vibrationally excited states of the *T,
manifold. Thermalisation in the °E state subsequently occurred with z=1.1 ps.
As will become evident in the other examples discussed below, such ultrafast
intersystem crossing in transition metal complexes seems to be the rule rather
than the exception.
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2.2 Iron(Il)

Iron(Il) coordination compounds were more famous for their magnetic properties,
in particular the spin-crossover phenomenon [60-62], and not so much for their
photophysical properties up to 1984, when the phenomenon of light-induced spin-
state trapping (LIESST) was discovered [63]. In short, in octahedral iron(I) spin-
crossover compounds, the ligand-field strength is such that for the 1Al(tzgﬁ)
low-spin (LS) state having a shorter metal-ligand bond length than the
5T2(t2g4eg2) high-spin state (HS) with two of the electrons in the antibonding e,
orbitals, the splitting of the d orbitals is larger than the spin-pairing energy, whereas
for the latter state, it is smaller [64]. As a result, the zero-point energy difference
between the two states is small enough such that at low temperature only the LS
state is populated, but that at elevated temperature an almost quantitative, entropy-
driven population of the HS state can occur. Typical iron(II) spin-crossover com-
pounds have [FeNg] coordination sphere with at least some of the donating N atoms
belonging to aromatic pyridine, triazole or tetrazole moieties or derivatives thereof.
At low temperatures, typically below 50 K, the HS state can be trapped as
metastable state with lifetimes of up to many days via irradiation into either the
ligand-field or, depending on their energies, into the metal-ligand charge transfer
(MLCT) absorption bands [65—68]. On irradiation of the trapped species in the near
infrared, that is, into the spin-allowed ligand-field transition of the HS state, the LS
state can be partially recovered via reverse LIESST [69]. Figure 2 depicts sche-
matically the proposed mechanisms for the light-induced processes leading from
the initially excited state to the final state via double intersystem crossing. How-
ever, as discussed below, it took almost 30 years to arrive at a more detailed
understanding of the mechanisms of these phenomena.

Also for spin-crossover complexes in solution, the spin equilibrium can be
perturbed via pulsed irradiation, but at higher temperatures the return to equilibrium
typically occurs within a few ps [70—74]. This can conveniently be monitored by
the ground-state bleaching (GBS) of the intense '"MLCT band of the LS species.
Likewise, pure LS complexes such as the prototypical [Fe(bpy)s]** complex can be
converted to a transient, nonluminescent HS state via irradiation into the 'MLCT
band with quantum efficiencies approaching unity [75], but due to the larger driving
force for the nonradiative relaxation back to the LS state, with much shorter
lifetimes both at low temperatures and at elevated temperature. Thus, for the
abovementioned complex at room temperature, the lifetime of the light-induced
HS state is around 0.5 ns and increases to several ps depending on the surrounding
medium at low temperatures [76]. That the transient state in this LS complex is
indeed the °T, state was established by the comparison of the lifetime measured in
the same matrix optically with the one determined via time-resolved Mossbauer
spectroscopy [77]. Picosecond transient X-ray absorption (Fig. 3) and emission
spectroscopy with [Fe(bpy)s]** [78, 79] and other LS complexes [80-83] in solu-
tion at room temperature furthermore established that the bond length difference
between the light-induced HS state and the LS ground state is indeed equal to the
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Fig. 2 Ground- and excited-state potential energy curves along the metal-ligand bond lengths for
iron(IT) complexes: (a) the ligand-field states and the mechanisms for LIESST (broken arrows)
and r-LIESST ( full arrows) for a system with no low-energy MLCT states; (b) the controversy
concerning the mechanism for LIESST for a system with low-energy MLCT states: curly arrows
via the *MLCT state or broken arrows via the 3T2 state

typical 0.2 A also found in iron(Il) spin-crossover complexes via temperature-
dependent single-crystal X-ray diffraction [84, 85] and LIESST experiments [86—
88], as was theoretically predicted by DFT calculations [8§9-91].

For the determination of the HS—LS relaxation, conventional nanosecond
transient absorption spectroscopy was for the most part sufficient [64, 70-74], but
to actually pin down the exact mechanism of LIESST and reverse LIESST required
faster and more sensitive methods. McCusker et al. [92] were the first to investigate
the fast relaxation from the initially excited '"MLCT state to the HS state using
picosecond pump-probe spectroscopy with ps time resolution. As they could not
detect any intermediate state in their experiments, they surmised that upon irradi-
ation into the "MLLCT band, the system must convert extremely rapidly directly to
the HS state, thereby bypassing the low-lying ligand-field states (Fig. 2b). In the
following a discussion started as to whether this is really the case, and what the
difference to systems with only comparatively high-energy MLCT states was, for
which the ligand-field states undoubtedly play an important role (see below). With
the advent of femtosecond systems and an enormous increase in sensitivity,
McCusker et al. [93, 94] and Chergui et al. [95-97] first showed that in solution
at room temperature, the passage from the initially excited '"MLCT state to the °T,
takes in fact only around 150 fs followed by vibrational cooling within a few
picoseconds. The latter concluded that the first step in the relaxation process must
be an intersystem crossing process from the '"MLCT to the *MLCT state within less
than 50 fs because of the almost identical evolution of the transient spectrum and
some hot emission from the "MLCT state on this timescale in [Ru(bpy)g,]2+ (see
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Fig. 3 (a) K-edge X-ray
absorption spectra of
[Fe(bpy)s]>" in aqueous
solution: (O) experimental
LS ground-state spectrum,
(—) theoretical, (®)
extrapolated for the HS
state; (b) transient
difference spectrum 50 ps
after the excitation laser
pulse: (O) experimental,
(—) theoretical fit; inset:
comparison of the decay of
the light-induced HS state
measured by XAFS and
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below). In their seminal paper, they then demonstrated vibrational coherence being
transferred to the final state, that is, the HS state, by monitoring a feature
corresponding to a transient absorption of this species. They regarded this as
experimental confirmation of the postulated direct relaxation to the HS state from
the vibrationally hot *MLCT manifold (Fig. 4). A further experiment using
subpicosecond XAS [98, 99] seemed to endorse this interpretation (Fig. 5a). This
experiment was based on a single energy transient feature, which essentially
monitored the arrival of the system in the HS state. Subsequently, Zhang
et al. [100] recorded femtosecond time-resolved X-ray fluorescence spectra
(Fig. 5b), which confirmed the population of the HS state within less than 150 fs.
In their full spectra, they observed some indications of a transient state with an
estimated lifetime of 70 fs, which, in contrast to Chergui et al. [95-97], they
assigned to either the *T, or the T, ligand-field state. Computational work seems
to favour the higher-energy T, state as transient state based on the larger spin—orbit
coupling matrix element to the °T, state [101]. As shown below, this cannot be
entirely ruled out, but as pointed out by McCusker [102], it is questionable to talk
about a transient state, which has a lifetime of only a fraction of the time it takes for
one vibrational period along the reaction coordinate.
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Fig. 4 (a) Transient absorption spectra in the region of ESA of the light-induced HS species of
[Fe(bpy)3]2+ on irradiation into the '"MLCT band at 530 nm; (b) time profiles for different
wavelengths across the ESA of the HS species with damped oscillations indicating vibrational
coherence in the final state (From [95])

The controversy with regard to the role of the excited singlet, triplet and even
quintet ligand-field states needs further discussion. That they play an important role
is beyond question. LIESST works perfectly well for spin-crossover complexes
with no low-lying MLCT states such as [Fe(ptz)s](BF4), (ptz = 1-propyltetrazole)
for irradiation directly into the spin-allowed 1A1—>1T1 and 1A1—>1T2 as well as into
the spin-forbidden 'A;—°T; and 'A,—°T, ligand-field transitions, and reverse
LIESST via irradiation into the spin-allowed >T,—’E ligand-field transition also
involves exclusively ligand-field states as depicted in Fig. 2a [64]. However, up to
recently, pump—probe transient absorption spectroscopy was not sensitive enough
to allow pumping and probing with the parity-forbidden and therefore rather weak
ligand-field transition. Marino et al. [103] resolved this problem for both LIESST
and reverse LIESST in [Fe(ptz)g]l(BF4), or rather in the mixed crystal
[Zn,_ Fe,(ptz)gl(BF,),, x=0.1, by pumping into the spin-allowed ligand-field
'A,—!T, transition at 532 nm for the former and into the >T,—°E transition at
830 nm for the latter, but monitoring the transient absorption at 300 nm (Fig. 6).
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Fig. 5 (a) Transient X-ray absorption measured at 7.12 keV for [Fe(bpy)3]2+ in aqueous solution:
(@) experimental, (—) theoretical based on sequence 'A,—!'MLCT—*MLCT—°T, (top) and
corresponding evolution of the species (bottom) from [98]; (b) transient X-ray emission profile for
[Fe(bpy)3]2+ in aqueous solution at two different energies: (®) experimental, (—) theoretical
based on a sequence 'A;—"MLCT—*T—"T,. Inser: transient X-ray emission spectrum with a
delay of 50 fs after the excitation pulse (Adapted from [100])

This is in the region of the very intense MLCT transitions. They performed the
experiment at 125 K. At this temperature, within the thermal transition curve, the
HS fraction yys is equal to 0.85 and the LS« HS equilibration time is 0.3 ms. The
high absorption cross section for the '"MLCT band at 300 K and the comparatively
high concentration of the iron(II) complex in the crystal assured the necessary
sensitivity for the detection of transient species. The equilibration time of 0.3 ms at
125 K allowed the use of kHz repetition rate for the experiment, and the equilibrium
value of yyg = 0.85 allowed to perturb the equilibrium in both directions at the same
temperature. The key result of this work is that for reverse LIESST (Fig. 6a), there
is a thermalised intermediated state in the passage from the initially excited °E state
to the final ]Al state with a lifetime of 39 ps at 125 K [103]. This manifests itself in a
minimum in the ESA following the ultrafast initial decay immediately after the
excitation followed by a rise to the ESA of the final state. The intermediate state can
be assigned to the lowest-energy triplet ligand-field state, the *T, state, in line with
the previously estimated quantum efficiencies of around 10% for reverse LIESST
[64]. Thus, reverse LIESST can indeed be described as a sequential double
intersystem crossing process with the *T, state as a well-defined intermediate
state decaying with a branching ratio of around 1:4 to either the LS or the HS
state according to non-adiabatic multiphonon relaxation based on Fermi’s golden
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that is, at the wavelength of the strong 'MLCT transition for (a) irradiation into the 5T2—>5E
ligand-field transition at 830 nm (reverse LIESST); (b) irradiation into the AT, ligand-field
transition at 532 nm (LIESST) according to [103]

rule and the crude Born—Oppenheimer approximation [104]. Things look very
different for LIESST (Fig. 6b) using the 'A;—'T; absorption band. The light-
induced transition to the HS state is as fast as for irradiation into the '"MLCT bands
of systems with low-lying MLCT states, namely, the excited-state absorption signal
of the 'T; at 300 nm decays within less than 150 fs and is replaced by bleaching
characteristic of the '"MLCT transition, which settles down within 1.5 ps. Obvi-
ously, for LIESST there is no clear evidence for thermalisation in an intermediate
state as this would inevitably lead to the population of the T, state which would
have to show up with a transient signal having the same associated lifetime of the
abovementioned 39 ps at 125 K. Thus, for LIESST the triplet states are not real
intermediate states. Of course they serve as what would probably be better termed
mediator states for the ultrafast transition from the vibrationally hot 'T, state to
very high vibrationally excited °T, levels. This process is beyond a description by
sequential relaxation processes. Rather it should be described as a coherent evolu-
tion of the vibronic wave function of the initially created vibrational packet in the
'T, state on coupled and complex hypersurfaces involving states of singlet, triplet
and quintet character. The theoretical concepts for such a description still need to be
developed. The same of course holds for LIESST on irradiation into the '"MLCT
bands of systems with low-lying MLCT states. Thus, the apparent controversy on
the exact pathway and possible intermediate states for LIESST in the latter case is
not really all that meaningful.

2.3 Ruthenium(II)

The literature on ruthenium(Il) polypyridyl complexes is vast, totalling several
thousand publications in peer-reviewed journals alone with regard to their
photophysical properties ([105] and references therein). This is due to fundamental
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studies on light-induced excitation energy transfer and electron transfer [32-34,
106] processes, leading to their application, for instance, as sensitisers in
dye-sensitised solar cells [6, 7] or in cancer phototherapy [107-112]. In essence,
ruthenium(I) complexes are isoelectronic with iron(I) complexes, but for 4d metal
ions the ligand-field strength for a given ligand is around 50% higher than for 3d
metal ions [113], such that for polypyridyl complexes the first excited ligand-field
state, the 3Tl(tzgsegl) state, is of comparable energy as the famous luminescent
SMLCT state, first assigned by Demas et al. [114, 115] in 1971 for [Ru(bpy)3]2+.
Subsequently, van Houten and Watts [116] attributed the quenching of the *MLCT
luminescence at higher temperatures to the thermal population of the *T, ligand-
field state, which in this complex is around 3,000 cm™' higher in energy than the
3MLCT state and which decays non-radiatively to the 1Al(t2g6) ground state. The
relative energies of the two states can be modulated physically [76, 117] or by
chemical substitution on the ligands [118]. Indeed for ligands with lower ligand-
field strengths, the °T state drops to below the *MLCT state thus quenching the
luminescence down to low temperatures, as schematically shown in Fig. 7.

In addition to the quenching of the luminescence by the ligand-field state, the
time it takes for the intersystem crossing from the initially excited "MLCT to the
SMLCT state is also of key importance because of the potential for hot electron
injection into the conduction band of a semiconductor in dye-sensitised solar cells,

a)

3T1(tzgse ;l )

Fig. 7 Potential energy curves along the metal-ligand bond length for typical ruthenium
(IT) polypyridyl complexes: (a) with the T, ligand field state above the 3MLCT state. The thermal
population of this state quenches the luminescence only at higher temperatures as, for instance, for
[Ru(bpy)3]2+; (b) with the 3T1 state below the *MLCT state, which quenches the luminescence
from the *MLCT state down to low temperatures as, for instance, for [Ru(mbpy)3]2+. The internal
conversion to the T} state is in the Marcus normal region, while the intersystem crossing from the
3T, state back to the ground state is in the inverted region
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provided the lifetime of the 'MLCT state is long enough [119, 120]. Furthermore,
an ongoing point of discussion concerned the localisation of the electron on a single
ligand in the *MLCT state and possibly its hopping rate from one ligand to another.
Ultrafast pump—probe spectroscopy served to find some more definite answers to
the above questions. McCusker et al. [121, 122] showed that in [Ru(bpy)3]2+ the
intersystem crossing from the "MLCT to the *MLCT state takes only 50 fs. This
was confirmed by Chergui et al. [123, 124], who, based on time-resolved lumines-
cence up-conversion, identified it as occurring from hot vibrational states of the
"MLCT state within 30 fs and with extremely fast energy dissipation manifesting
itself with a quasi-instantaneous Stokes shift. Finally, Yeh et al. [125] and
Hammarstrom et al. [126] showed experimentally that in polar solvents solvent-
driven localisation of the electron on one ligand in conjunction with vibrational
cooling took on the order of picoseconds at room temperature, which could be
rationalised using a DFT-based theoretical approach to molecular modelling [127].

The above still left the experimental characterisation of the *T| state as elusive
as before. In systems, for which the luminescence at room temperature is partially
quenched via thermal activation, the concentration of the 3T, state is always very
low because its lifetime is shorter than the process feeding it. In systems for which
the luminescence is fully quenched, that is, when the 3T1 state lies at substantially
lower energy than the "MLCT state, all processes are very fast, and even if it has an
appreciable transient concentration, it is difficult to pick up as it is not expected to
have a strong spectroscopic signature. That is, in theory a spin-allowed MLCT
transition from the *T; state is possible, but it is expected to be much weaker than
the '"MLCT transition from the ground state, because of the substantially longer
metal-ligand bond length due to the population of the antibonding e, orbital.
However, a judicious choice of the ligand in the form of 6-methyl-2,2’-bipyridine
(mbpy) finally allowed tracking down the T, state. In [Ru(mbpy);]** the methyl
groups in the 6 position force slightly longer Ru—-N bond lengths, which lower the
energy of the >T state just enough for it to be almost equienergetic with the "MLCT
state [128, 129]. At room temperature in solution, the SMLCT luminescence of this
complex is completely quenched. Whereas in transient absorption spectra of [Ru
(bpy)s]** in deoxygenated acetonitrile solution at room temperature the decay of
the excited-state absorption at 380 nm characteristic for the SMLCT state [130], the
recovery of the ground-state bleaching of the "MLCT transition at 458 nm, and the
*MLCT luminescence decay all are single exponential with the same lifetime of
900 ns, transient absorption spectroscopy reveals that the relaxation of [Ru
(mbpy)3]2+ from the *MLCT state is a two-step process occurring on two very
different timescales (see Fig. 8). Very importantly, the characteristic excited-state
absorption of the MLCT state at 380 disappears within 1.6 ps, whereas ground-
state recovery only occurs with a lifetime of 450 ps together with the decay of weak
excited-state absorption between 600 and 850 nm. It stands to reason that the
nonluminescent intermediate state with a lifetime of 450 ps can be attributed to
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Fig. 8 Transient absorption spectra (/eft) and time profiles at selected wavelengths (right) for (a)
[Ru(bpy)s]**, (b) [Ru(mbpy);]** and (c) [Ru(tmbpy)s]** following excitation at 400 nm in
acetonitrile at room temperature (From [128, 129]). For [Ru(bpy)3]2Jr all transient signals decay
with the luminescence lifetime of 650 ns. For [Ru(mbpy)3]2+, the marker band for the *MLCT state
at 380 nm decays within 1.6 ps, while ground-state recovery occurs with 450 ps. For
[Ru(tmbpy)s]** the corresponding time constants are <150 fs and 4.8 ps (Adapted from [128])

the lowest component of the °T; manifold. Interestingly, for [Ru(tmbpy);]**,
tmbpy = 4,4,6,6'-tetramethyl-2,2'-bipyridine, for which the sterically hindered
methyl groups push the T, state to even lower energy with respect to the "MLCT
state, both processes are faster. This can be explained by the fact that the internal
conversion from the >MLCT to the 3T1 state is in the Marcus normal region,
whereas the intersystem crossing from the latter state to the ground state is in the
inverted region.

The attribution of the intermediate state to the triplet ligand-field state can be
further tested by the application of external pressure, which switches on the
luminescence in [Ru(mbpy);]** already for the comparatively modest pressure of
0.5 GPa [128, 129] with only a small shift of the actual luminescence maximum
with increasing pressure. This indicates that external pressure destabilises the
quencher state, and thus it must have a much larger molecular volume but a very
similar electronic structure, namely, a d® configuration, compared to the ground
state. This is in line with the assignment of this state to the 3T1(t2g5 egl) state with 1D
electron in the antibonding e, orbitals.
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2.4 Nickel(Il), Platinum(II) and Palladium(II)

Square-planar complexes with a d® electron configuration are molecular systems
with a rich variety of spectroscopic properties and high symmetry [131-133]. Of
particular interest are the nature of their lowest-energy excited states and their
unsaturated coordination sphere, providing an attractive terrain for spectroscopic
and photochemical studies [16—18].

Many square-planar platinum(Il) and palladium(Il) complexes show d—d lumi-
nescence in the red to near-infrared spectral regions [133, 134]. Broad lumines-
cence bands are observed with vibronic structure indicating excited-state
distortions along several normal modes involving the metal centre and coordinated
ligand atoms [134, 135]. Some aspects of the ligand-field states of these complexes
with a totally symmetric, nondegenerate electronic ground state are straightfor-
ward: the lowest-energy excited state is a triplet state, with a corresponding singlet
state arising from the same electron configuration at higher energy. One electron
occupying the c-antibonding dxz,y2 orbital in these excited states leads to bond
weakening and broad absorption and luminescence bands. A challenging aspect of
the electronic structure of such systems is the small energy differences separating
the occupied d orbitals, and it has been shown with DFT calculations that the energy
order expected from traditional ligand-field arguments is incorrect for many of the
compounds [136]. Experimental evidence for the nature of the lowest-energy
excited state is obtained from low-temperature luminescence spectra with resolved
vibronic structure, and the presence of vibronic progressions involving non-totally
symmetric stretching and bending modes is indicative of a degenerate excited state
with a Jahn—Teller distortion [134]. Such degenerate excited states occur if the
electron promoted to the dxz_},2 orbital originates from the degenerate d,, ,, set, an
experimental observation supporting the calculated energy order for simple com-
plexes such as PdBr42* or Pt(SCN)42* [136] and leading to an emitting state with a
unique excited-state structure and distinct possibilities to vary the efficiency of
competing relaxation processes. Small structure variations, such as those resulting
from temperature or pressure changes, can lead to very significant effects. An
illustrative example is given by the luminescence spectra of (n-BuyN),Pd(SCN),
[134]. At room temperature, a weak luminescence band is observed with a maxi-
mum at 820 nm (12,200 cm ™ '). The luminescence intensity increases significantly
with increasing external pressure, as shown in Fig. 9. The luminescence lifetime
also increases, from 0.3 to 53 ps between ambient pressure and 3 GPa, indicating
that the intensity increase is due to less efficient nonradiative relaxation processes at
higher pressure. The potential energy curves along the S—Pd-S bending normal
coordinate shown in Fig. 9 qualitatively illustrate this behaviour: external pressure
decreases the offset AQ of the emitting state potential energy minima, leading to a
higher barrier for crossing to the ground-state potential energy surface and therefore
to less efficient nonradiative relaxation and higher luminescence intensities. It is
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Fig. 9 (a) Luminescence spectra of (n-BuyN),Pd(SCN), at variable pressure; (b) the solid and
dotted potential energy curves represent ambient and high pressure, respectively. The decrease of
the distortion AQ is indicated by the difference between solid and dotted horizontal arrows

worth to note that the luminescence band maximum shifts to higher energy with
increasing pressure. This shift of +290 cm™'/GPa increases the number of high-
frequency C-N vibrational quanta needed to bridge the gap to the ground state from
6 to 6.2, an increase too small to rationalise the several orders of magnitude of
intensity change shown in Fig. 9. This example thus illustrates the importance of
small variations of the excited-state structure, as opposed to the often dominant
variation of excited-state energies, discussed, for instance, in the preceding section
for ruthenium(Il) systems.

Charge-transfer excited states have been studied extensively for a wide variety
of platinum(II) complexes with polypyridyl ligands [14, 132]. Charge-transfer
processes in such systems have been among the coordination compounds where
ultrafast transient vibrational spectroscopy has been successfully applied to char-
acterise the effects of the charge redistribution on vibrational frequencies
[20, 137]. Figure 10 shows one of the pioneering experiments in this area, illus-
trating the frequency shift of the CO stretching frequency of square-planar Pt
(4,4'-(CO,E1),-2,2"-bpy)Cl, observed at 1,733 cm ™' in the ground-state IR spec-
trum, given as trace (a) in Fig. 10. Upon excitation at 400 nm, that is, near the
maximum of the lowest-energy intense absorption band, the IR absorption at
1,733 cm™' decreases and a lower-frequency absorption at approximately
1,710 cm ™" appears, indicative of the additional w-antibonding electron density
resulting from a metal-ligand charge transfer process. The transient spectrum
disappears within less than 50 ps, with much slower kinetics observed for plati-
num(Il) complexes with more complex ligand systems involving multiple
chromophores [20].
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Fig. 10 (a) Ground-state
FTIR spectrum of Pt
(4,4'-(CO5Et),-2,2"-bpy)Cl,
in CH,Cl, solution. (b)
Time-resolved IR spectra
obtained at (solid circles)
1.5 ps, (squares) 4 ps,
(triangles) 11 ps and (open
circles) 50 ps following
400 nm (ca. 150 fs FWHM)
photolysis of this solution.
Solid lines represent least-
squares fits, and arrows
indicate movement of the
bands with increasing time T T T T T T T T
delay following excitation 1780 1760 1740 1720 1700 1680 1660 1640
(From [137])
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An interesting feature illustrated in Fig. 10 is the shift of the transient maximum
at approximately 1,710 cm ™' (1.5 ps delay) to higher frequencies at delays 4 and
11 ps. This shift is attributed to early relaxation processes of the photoexcited
molecule, such as cooling or solvation, illustrating significant variations of funda-
mental molecular properties such as frequencies at the short time scales
summarised here. Such effects are observed even in complexes such as where
multiple excited states do not appear to play as important, but intricate vibronic
dynamics still play a key role.

A characteristic aspect of the electronic structure of square-planar platinum
(IT) complexes is the possibility of metal-metal stacking interactions perpendicular
to the molecular plane. Electronic spectra of such stacks or bimetallic molecular
complexes show MMLCT transitions with energies strongly dependent on Pt(II)-Pt
(II) distances and low-energy excimer luminescences [138]. Variable temperature
and pressure again strongly influence the dynamics and spectroscopic signatures of
such effects [138]. Interactions of the metal centre in square-planar chromophores
with nearby groups other than neighbouring metals have not yet been extensively
characterised by ultrafast optical spectroscopy. Recent work [139] combining
variable-pressure crystallography and vibrational spectroscopy on a square-planar
nickel(II) model system in order to characterise agostic metal-CH interactions
points toward highly relevant future areas for the application of ultrafast spectro-
scopic techniques and spectroscopic studies under variable conditions in order to
gain quantitative chemical insight.
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3 Conclusions and Perspectives

In conclusion, the ultrafast spectroscopic methods, coupled with other state-of-the-
art experimental and computational approaches, have allowed a much more
detailed understanding of ground- and excited-state chemical bonding. The above
examples show how the development of new experimental techniques leads to
deeper insight into the dynamics of fundamental processes and a quantitative
understanding. Of course other examples could have served the same purpose,
and the ones chosen here are to some extent our personal preference. Nevertheless
they are exemplary and allow fundamental conclusions, transferable to many other
systems. In particular the ultrafast techniques showed that intersystem crossing can
occur on ultrafast time scales, sometimes within much less than one vibrational
period along the reaction coordinate even for overall AS=2 processes in iron
(Il) low-spin and spin-crossover systems. This means that more often than not,
the processes occur from excited vibrational states and are in direct competition
with intramolecular vibrational relaxation and vibrational cooling. In order to
describe these processes correctly, theoretical tools going beyond the description
of relaxation processes via Fermi’s golden rule and the crude Born—Oppenheimer
approximation need to be expanded from the current state of the art for small
molecules [140-143] to the more complex open-shell systems [144]. The experi-
mental identification of the T, ligand-field state in ruthenium(II) polypyridyl
complexes is of practical importance for their technological applications and
verifies the growing literature on DFT-based mechanistic studies of their photo-
chemical and photophysical properties [145—151]. Charge-transfer processes in
square-planar platinum(II) complexes have been extensively studied and time
scales for charge separation tuned by chromophore design [19, 20]. The quantita-
tive comparison of dynamics in isoelectronic nickel(II), palladium(II) and platinum
(Il) compounds, which have mostly been explored by steady-state structural and
spectroscopic techniques, provides a promising perspective in this area [152].

In the future we will see more structural studies not only from time-resolved
X-ray absorption spectroscopy but also from time-resolved X-ray diffraction [153—
155]. Indeed first results on iron(Il) complexes are already available [156—159] and
allow to follow the structural evolution at early times as well as subsequent lattice
effects and intermolecular dynamics. The ultimate goal of such experiments is to
achieve sub-femtosecond resolution in order to also follow the redistribution of
electronic density in situ. An alternative to X-ray diffraction is provided by time-
resolved TEM and electron diffraction [160, 161]. Ultrafast time-resolved IR and
Raman spectroscopy [162, 163] will likewise give insight into vibrational and
vibronic coupling. And finally, ultrafast spectroscopic methods will also be applied
to more complex systems, for instance, mixed valence systems, valence tautomeric
systems or polynuclear compounds with combinations of different metal centres.
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Ligand Field Theory and the Fascination
of Colours: Oxidic Iron(III) Solids
as the Omnipresent Examples

Peter Kohler and Dirk Reinen

Abstract The treatment of the high-spin d’-configurated iron(III) cation in 6- and
4-coordinate ligand fields is a highly complex matter. The °A-ground state allows
only spin-forbidden transitions, here of relevance to ten spin-reduced 4A1—, 4A2—,
*E(2x)-, *“T;(3x)-, “T,(3x)-states, which are not easy to handle. Though the litera-
ture offers a series of carefully prepared solids with beautifully resolved ligand field
spectra, the philosophy of utilising these in terms of their binding character,
particularly in respect to the d-electron cloud density between cation and the anions,
diverges. Accordingly, the magnitudes of reported ligand field parameters A and of
the Racah parameters of interelectronic repulsion B and C, which parameterise the
mentioned effects, differ, and comparisons become difficult. In this review we
propose a well-founded and comprehensible calculational procedure, in order to,
as the main matter of concern, convince the readers that the ligand field spectra also
sensibly reflect finer perturbational details of local or even cooperative binding
quality. The origin of the latter effects is from the chemical environment beyond the
first coordination sphere of a central, say FeIHLn—complex (n=6,4) in an extended
solid. Already subtle disturbances of this kind will modity the shade of colour. An
essential point of the discussion is the symmetry analysis, which provides rigorous
constraints and sets strict conditions on what can be experimentally observed. We
will first discuss manganese(Il) in oxidic solids. Because a divalent cation is
associated with rather ionic binding properties towards oxygen, crystal field theory
is the appropriate analytical instrument. Iron(Ill) provides a situation, which
requires more sophistication and a refinement of the theory by taking also bond
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covalency into account. A symmetry-based reinterpretation of the additional
absorptions in the d-d-spectra of Fe'™ and Cr' in corundum-type solids is
presented. This treatment sheds new light on the finer roots of the impressive red-
to-green colour change of Cr’* in mixed crystals Al,_,Cr,O5 with increasing x.
Particular examples are discussed, where absorptions due to octahedral and tetra-
hedral iron(III) overlap in the ligand field spectra of spinel- and garnet-type solids,
which model the hue in a predictable way. Finally, though not directly related to the
primary topic, the charge-transfer properties of oxidic iron(IIl) are briefly exam-
ined. These absorptions often stray far into the visible region, with a very frequently
significant influence on the apparent hue.

Keywords d° ligand field theory and spectra of Mn", Cr'™™, Fe™ « Higher-sphere
impacts in solids; their symmetry and energy criteria « Metal-metal interactions in
corundum-type structures
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1 Historical Preface

The appeal of colours frequently originates from solids, in which transition metal
ions with an incomplete d-shell, embedded, for example, into oxidic host structures,
play a deciding role. Specifically these kinds of pigments and the search for the
scientific roots of their coloration have occupied spectroscopists and experimental-
ists from inorganic and physical chemistry vehementally in the decade following
1960 — initiated by the early publication of Ilse and Hartmann [1]. Many books
covering this topic were published ([2—4], to give a selection of many) and also the
first article in Structure and Bonding [5] was devoted to this phenomenon. A flow of
innovative ideas established a sound basis for a semiquantitative understanding of
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the data provided by the d-d-spectra. Here, we particularly mention the
spectrochemical and nephelauxetic series of cations and ligands [6]. Early volumes
of Structure and Bonding documented this development and in particular
emphasised the semiempirical aspects, where experiment and theory meet in a
synergistic manner. We will substantiate in the following that — considering oxidic
iron(III)-type solids with their sustainable gentle hues — the origin of the observed
colour diversity is highly complex and needs careful investigation and interpreta-
tion. The authors think that this choice is not only reasonable for historical reasons,
but also because of a current trend in inorganic chemistry, which one may call a
revival of experiment-based ligand field theory. Progress in science is indeed based
on the symbiosis of achievements from old sources and novel insights and findings,
which originate from an extended-knowledge horizon. A novel perspective onto old
and carefully worked-out spectroscopic results is always worthwhile. A concise
summary of the theoretical basis of the ligand field treatment and basic informa-
tions as to how theory can be applied to the experimental landscape are given in the
first two appendices.

2 The Colour Properties and the Ligand Field Spectra
of Octahedrally and Tetrahedrally Coordinated
Manganese(II) as Introducing Examples

A compact summary of the crystal field theory for a d’-cation in octahedral and
tetrahedral coordination, based on the spectroscopic properties of the free cation, is
given in Appendix 1. The energies of the possible transitions from the (here only
considered) high-spin ground state °A, ¢ With §=5/2 to excited quartet states with
S=3/2 (4A1, a4E; b4E; a4T2; b4T2; a4T1; b4T1, leaving aside the three highest-in-
energy states) have been listed in dependence on the crystal field energy parameters
B and A in Appendix 2 (Eq. 8), particularly for manganese(II). Because these
transitions are spin-forbidden, the intensities are usually very low. Inspecting the
rock salt-type mixed crystal series Mg,Mn,;_,_,Ca,O, the colour varies for large to
small x-values and y =0 from weakly yellow via yellowish-green to finally bright-
green [7]. The hue is mainly due to the deep minimum between the first and second
absorption band and shifts from about 17,000 in the yellow to 19,000 cm~!in the
green spectral region, which may be followed via inspecting Fig. 1 and the colour
diagram therein.

Crystal field theory predicts a shift of the two lowest energy bands to higher
energies, if the bond length increases, due to the substitution of Mg?* by the larger
Mn?**-cation [7]. This is so because of the negative A-dependence (see Appendix 2,
Eq. 8) of these A, g_)a4Tlgs a4T2g transitions. The pronounced rise in colour
intensity with increasing Mn®* concentration is induced by antiferromagnetic
spin—spin interactions between the cations via the bridging oxygen atoms in the
rock-salt structure, which makes the consideration of single-cation spins obsolete.
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If Mn*" is diluted by the larger Ca®* via increasing y (with x=0) in the mixed
crystals, an intensity decrease, and the expected shift of the two broad lowest
energy bands and of the minimum between them to larger energies is observed. It
generates a blue-green colour at y =0.5 (x =0). Enhancing the Ca** concentration
further, the solids adopt pink to pale-red hues, because in these cases the deep gap
on the low-energy side of the first absorption band now governs the colour (Fig. 1).
Figure 2 presents the band assignment for one of the discussed mixed crystals [7]
and Table 1 summarises spectral parameters for some octahedrally coordinated
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Fig. 2 Powder reflectance spectra of Mng sMg 4O at 298 K (I) and 5 K (II), with band assignment
(adapted from [7])

Table 1 Ligand field parameters (in units of 107> cm ") of octahedral Mn**-polyhedra in various
solids (nephelauxetic ratio f referring to By = 750 em™!; C/B=5.2) and of Mn?* in Oy- and Tg-0x0
coordination in MnAlOy,

A B p Reference
MnF, 7.4 0.70 0.935 [8]
Mg, sMny sO 9.8 0.655 0.875 [7]
Mn 5Cag 5O 8.3 0.655 0.875 [7]
RbMnCl; 6.1 0.66 0.88 [9]
MnALOy (Oy) 104 0.65 0.865 [7]
MnALOy (Tq) 5.8 0.615 0.82 [7]

Mn** complexes in various solids, deduced by using the calculation procedure
sketched in the appendices.

Figure 3 shows the crystal field spectrum of the spinel MnAl,O4 [7], displaying
besides octahedral very distinct tetrahedral features, at SK(II) well resolved. One
should have in mind that — due to the lack of an inversion centre — electric dipole
transitions in tetrahedra are parity-allowed. Accordingly, already a small
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Fig. 3 Powder reflectance spectra of the spinel MnAl,O,4 at 298 K (I) and 5 K (II) (adopted from
[7]). The crystal field parameters derived from the indicated calculated band positions according to
the given assignment are listed in Table 1 (the °A () — *T) g -transitions are not included into the
energy fitting to A and B, see text)

percentage of Mn?* in Tg-coordination should have a strong appearance in the
spectrum. Leaving aside the transitions to a4T1g and ,*T, (the one to b4T1g is
expected in the region of the b4Eg—band around 28,000 cm ') — see Appendix 2
for the respective critical details — a very satisfactory agreement is achieved
between experiment and theory, with the parameters summarised in Table 1.
Though there is a coarse agreement with Jergensens’ wonderfully helpful
spectrochemical and nephelauxetic series of ligands [6], additional matrix effects
may often have a pronounced bearing on the polyhedron properties. This is the case
if the considered polyhedron is embedded into an extended lattice and, specifically,
if network-forming ligands, such as oxygen, are considered. The following struc-
tural implications significantly affect the energy and intensity landscape of the
ligand field spectra and accordingly modify the colour:

(a) Substitutions into the octahedral sites of smaller or larger divalent cations
modify the A parameter of Mn?*, with predictable shifts of specific absorption



Ligand Field Theory and the Fascination of Colours: Oxidic Iron(III) Solids. .. 319

bands. The nephelauxetic ratio f (see Appendix 2) indicates a slightly more
covalent bond in Ty- than in Oy-ligand fields; this is so because the ligand-to-
cation charge transfer per oxygen ligator atom is larger in the case of the
smaller coordination number, which renders the Mn—O-bond in Oy, to be more
ionic than in T4. The A1/A, ratio is, with 0.56, near to the expected value of
about 0.5.

(b) Spin—spin interactions between neighboured colour centres in solids may
release the respective selection rule, with the consequence that MnO has a
bright-green colour, whilst Mn>*-doped MgO and CaO appear as solids with
only faint hues. If Mn** switches from the Oy- to a Ty4-coordination, the
vibronically assisted, now parity-allowed, transitions grow substantially in
intensity.

3 Iron(IIl) as the Hue-Generating Cation

3.1 Ceritical Inspection of the Ligand Field Spectra
and the Influence of Higher-Sphere Coordinations

As is pointed out in Appendix 2, crystal field theory — which has been shown to
work fairly well for Mn*" in its binding to rather ionic ligands — has to be essentially
modified, if applied to the spectra of a trivalent cation, such as Fe**. Distinct
covalency contributions alter the quality of the cation-to-ligand bonds significantly
and have led to introduce additional semi-empirical parameters. These allow one,
for example, to differentiate between non-bonding or 7- and c-anti-bonding prop-
erties, when inspecting the t,, €,- and e, t;-molecular orbital sets in Op- and
Ty4-ligand fields, respectively. There are good reasons, however (see Appendix 2),
to stick to a simple model with two unknowns, A and B, to parameterize ligand-field
spectral results. This helps to avoid the disturbing feature to introduce additional
parameters, which are equal in number to available experimental data. Though this
approach frequently implies larger numerical deviations of the calculated from the
experimental absorption band-energy positions, exceptional aberrations are never-
theless discernible. The interpretation may then be based on innovative perturba-
tional approaches and/or by calling off additional evidence from suitable
supplementing investigation methods. Always, the symmetry conditions are
extremely helpful here and have to be strictly obeyed. If one switches from a di-
to a trivalent cation, incorporated into an extended solid, the interaction between the
cation and its higher-coordination sphere becomes more distinct and more signif-
icant in energy as well, with the advantage of providing a higher degree and quality
of information. Some of the following considerations are thought to illustrate this
perception.

The two solids with FeFs>~ octahedra in Table 2 possess elpasolite-type struc-
tures. The cationic coordination of the anions is also octahedral, according to a
trans-KFFe grouping, supplemented by four Rb™- or K*-cations, respectively
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Table 2 Ligand field parameters (in units of 1073 cm ') of octahedral (o) and tetrahedral (t) Fe**
in various solids

A B A/B Colour Ref. Temp. (K)
Rb,KFeFg ° 14.0 0.74 18.9 Pale a 298
K;3FeFg © 13.2 0.76 17.4 Pale [101° 298
Cs,NaFeClg © 10.7 0.53 20.1 Redd. orange [1 1]b 298; 5
CsFeCly ' =~7.0 0.53 ~13.2 Yellow green a 298; 5
NH,FeP,0- © and 13.2 070 |18.9 Pale [121° 298
Al(Fe)PO, - 2H,0 ° Pale [13]>€ 298
Al(Fe)PO, ' and 6.7 0.64 10.5 Pale [13]P€ 298
Ga(Fe)PO, ' Pale (131> 298

“This work

°In the cited references a deviating adaptation philosophy from the one applied here was used — see
Appendix 2, iron(III)

“Single crystal data

[14]. The slightly differing B-values possibly indicate a smaller iconicity of the iron
(IID—fluoride bond in the Rb,K-solid, which would match with the reduced
contrapolarising force of the larger Rb cations, in comparison to K*, acting upon
the fluoride ligands. The indeed present weakening of the Fe—F bond by the “Ks-
-contrapolarisation, as compared to a “KRb,”-contrapolarisation, is mirrored by a
nearly 6% decrease of A (Table 2). The corresponding higher-energy shifts of the
6A1g — a4T1g, a4T2g spectral transitions, in which the two effects come out to be
additive, are, with about 1,500 cmfl, considerable. In contrast to the pale-shaded
fluorides, the elpasolite Cs,NaFeClg possesses a distinct reddish-orange colour, as
particularly the minimum around 15,000 cm ™" in the spectrum (Fig. 4) suggests.
The more covalent chloride ligand causes the steep intensity increase towards the
charge-transfer region to occur already very early. The lower-energy electron
transfer transitions of Fe**-doped Cs,NaYCly in this region have been shown to
involve the non-bonding t,,- and the weakly as well as the strongly anti-bonding
tip-molecular orbital sets (see Sect. 3.4). They are observed as nicely resolved
bands between 25 and 44,000 cm ! [15]. Because these transitions are not Laporte
forbidden, they predominantly model the colour shading by leaving the red-to-
orange spectral region open.

The comparison with the remeasured spectra of solids A'FeCl, (Fig. 4) is
instructive. There, a B-parameter equal to that of Cs,NaFeClg is deduced, when
utilising the A-independent transitions. On the other hand, the lower-energy bands
are shifted to distinctly higher energies in respect to those of Cs,NaFeClg, which
suggests a drastically reduced A-value. The latter indicates tetrahedral Fe>*, though
the A/Aqc-ratio is, with 0.66, rather large. The possible reason is the reduced
contrapolarisation by only one soft countercation (Cs*, N(CH3)4"). The consider-
able band splitting in the °A; — ,*T,, ,*T» spectral regions signals markedly
distorted tetrahedra (Table 2). Obviously the energy gap between bonding and
anti-bonding MOs is significantly larger (see Sect. 3.4) in a T4- than in the Oy
ligand field — the intensity increase towards the charge-transfer region starts only at
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Fig. 4 The ligand field spectra of iron(IIl) in chloride coordination. (Left: octahedral; yielding,
with the indicated calculated band positions, A and B, as listed in Table 2. Right: distorted
tetrahedral; fitting with the coarse assumption of T4-symmetry, see text, yielding the parameters
in Table 2)

about 21,000 cm ™. On the other hand, the tetrahedral d—d bands are not Laporte
forbidden and model the colour shading as well. Both findings match with the
observed yellow-green hue, according to minima around 17,000 and 20,000 cm”!
(Fig. 4).

In NH4FeP,05 and Fe3+—doped AIPO,4 -2 H,O0, the ligand field exerted on the
3d"-cation is largely governed by the strong contrapolarising effect of six P¥- and of
four PV- and two H*-centres, respectively, on the oxygen ligands (Table 2). The
accordingly highly ionic, but also weakened iron—oxygen bonds are reflected by
large B-values and comparatively small ligand field parameters near to those of
fluoride. Accordingly, charge-transfer-absorptions are only expected in the
UV. Because, on the other hand, the Fe** cations lie isolated in the lattice, a
noticeable coloration is not expected. In the Fe3+-doped solids, Al(Ga)PO,, which
crystallise in a quartz-type structure with an ordered distribution of the trivalent
cations and P(V) over the tetrahedral Si(IV) positions, the contrapolarisation by P
(V) plays again a significant role. It modifies the Racah parameter and the ligand
field strength, though, due to the reduced coordination number, to a lesser extent.
The A./A-ratio is, with 0.51, near to what is expected.
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This section is intended to demonstrate by a few examples that solid-state effects
from the chemical surrounding beyond the first anionic coordination sphere fre-
quently essentially modify the energy landscape and the colour shading. Effects of
this type are already rich in information in the case of divalent 3 d"-cations [16, 17],
but are greatly enhanced, if trivalent cations, such as cr** and F63+, are involved.
We refer here in particular to Sect. 3.3, where one learns that the colour may even
reveal intercationic binding effects.

3.2 The Presence of Both Octahedral and Tetrahedral Iron
(II1) in Oxidic Solids

The ligand field spectra of spinel mixed crystals of the composition ZnFe, Ga,_ O,
(Fig. 5) [12, 18] can be understood as originating from octahedrally coordinated

diffuse reflectance K/S

v

| | | | | | |
10 15 20 25 30 35 40-10° em™

Fig. 5 The ligand field spectra of spinel mixed crystals ZnGa, Fe O, (after [12]). The assign-
ment and energy fitting of the, the intensity by far dominating, absorption bands from octahedral
iron(IlI) and of the additional spectral features due to iron(IIl) in tetrahedral sites has been
accomplished with the parameters, listed in Eq. (1). The Fe®* concentration rises from x=0.1
via 0.5 to 2.0, from below
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Fe**-colour centres, with some weak tetrahedral features at about 17.5; 23.5 and
28.5x 10° cm™! superimposed [12]. The following ligand field parameters are
deduced and estimated, respectively, adopting (according to experience) a slightly
smaller B-value in Ty than in O,

oct. A =157, B=0.61 x 10°cm™!; A/B =257 ()
tet. A= 92,B2~0.59x 10°cm™'; A/B~10.7

The charge-transfer region has shifted considerably towards lower energies, when
inspecting iron(IIl) in comparison to manganese(Il). While at low x-values a
gradual intensity rise is observed between 20 and 35 x 10° cm™ ', it is steep for
ZnFe,O,4 and occurs around 17,000 cm ', with considerable influence on the
coloration (vide infra and Sect. 3.4).

ZnGa0,4 and ZnFe,0, are both described as phases with a normal cation
distribution [19]. In agreement, the weak tetrahedral absorption bands in the
spectrum indicate — because they are not Laporte forbidden — an only tiny percent-
age of iron(Ill) on the Tg-site of the spinel structure, which might indeed
(depending on the preparation procedure) still be present. Lenglet et al. proposed
[18] that the extra-absorptions originate from electronically coupled pairs of
neighboured Fe"Og-octahedra. Following this argument, a closer inspection of
the spinel structure is necessary. The basic frame consists of edge-connected
octahedra of trigonal D;4-symmetry. The oxygen ligands possess a near-to-tetra-
hedral cationic coordination of three “octahedral” and one “tetrahedral” cations, the
latter lies isolated in the structure and is corner-connected to the octahedral frame
(Fig. 6). The octahedra are regular for an oxygen parameter of u =3/8 and trigo-
nally compressed for u < 3/8, as here, bringing the cationic oxygen coordination
closer towards tetrahedral. Obviously, the four O” -electron pairs are fully

Fig. 6 The polyhedra connections in the spinel structure of ZnFe,O, (looked upon as possessing
an undisturbed normal cation distribution), with the white, green and red spheres representing Zn>*,
Fe** and oxygen, respectively. The frame of edge-connected octahedra with Ds4-symmetry (leff) and
their linking with the isolated tetrahedra in the structure via common corners (right)
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occupied in 6-bonds (in fair approximation). The ty,-orbitals are left as (nearly)
non-bonding and oriented towards the centres of the common edges between two
octahedra. They thus possess the correct symmetry for a direct metal-metal overlap
(Fig. 6), with the ability to transpose T,,-type electron clouds into a n-anti-bonding
status. Exclusively states with this symmetry can shape this interaction in the spinel
lattice. We first inspect octahedral Cr’* with a 4A2g(t2g3) ground state in spinel
mixed crystals MgAl,_,Cr,O4 [20, 21], because, in this case, a high sensitivity in
regard to phenomena involving ty.-electrons can be expected.

The first absorption band 4A2g —>4T2g in the ligand field spectrum (Fig. 7, left)
directly mirrors A, which parameter immediately reflects changes in the binding
character of T,4-type electron clouds. Because the phenomenon under examination
is a two-centre binding effect, a splitting or striking broadening of the first absorp-
tion band is indeed expected in view of the presence of two types of chromium(III)
octahedra (isolated and coupled, respectively). Though the differing A-values
should most likely be visible at x-values around 1.0, a splitting is not detected
(Fig. 7, left). This is in contrast to the corundum-type mixed crystals Al, ,Cr,Os,
where a distinct lower-energy shoulder of the *A,, — *Ts, absorption develops with
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Fig. 7 The powder reflection spectra of octahedrally coordinated chromium(IIl) in spinel mixed
crystals MgAl, ,Cr,O4 (I and II: x=1 and 2, respectively) (/eft) and in corundum-type phases
Al, ,Cr,O;5 (right) both adapted from [21]. The two main absorption bands are the transitions
4A2g — 4T2g at lower and — *T, ¢ at higher energies; the weak sharp features correspond to spin-

forbidden, largely A-independent absorptions [21]
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increasing x. It overlaps and finally dominates the region around 15,000 cm ™' in
intensity, where also weak spin-forbidden, quartet—doublet transitions appear
(Fig. 7, right). We will extend and consolidate these considerations in the following
section and return to Fe* as the colour-generating cation. It is noteworthy that the
additional low-intensity absorptions in the spectra of the ZnGa,_,Fe O4-mixed
crystals (Fig. 5) are not the result of cooperative binding, as proposed by Lenglet
et al. [18]. In contrast, distinct evidence for spectral effects of this kind is present,
when inspecting iron(III) in the corundum structure. The phenomenon is symmetry
restricted, solely referring to the 6A1g — 4T2g transitions and main subject of the
next section.

It is challenging to correlate the above findings with their colour images. While
the MgAl,_,Cr,O4-mixed crystals are pale-pink at low x-values — due to the deep
and open gap below the 4A2g — 4T2g transition at about 18,000 cm ™' — they turn to
greenish at very high Cr’*-concentrations [20, 21]. There, because of the ionic-size-
induced lower-energy shift of the two spin-allowed absorptions, the minimum
between, at about 19,500 cm ™!, determines the hue. The first absorption band has
now widely closed the lower-energy gap (Fig. 7, left). In the case of a-Al,Oj3 as the
host, ruby-red is the colour at low and intense-green at higher concentrations above
50% of chromium(IIl), when replacing AI** by Cr** (Fig. 7, right). One might
speculate that — without the Cr(III)-Cr(III) interactions — the (bright) green colour
of Cr,05 (Fig. 8) would only persist above 60 to 65 mol% of chromium(IIl) in the
mixed crystal phases, due to the then larger apparent A-values. Passing to iron(III),
ZnFe,0, is a light brown and MgFe,0,4 a darker brown pigment (Fig. 8), which
hues are coarsely understood when looking at their spectral prints. While the former
solid is rather open in the red spectral region, preceding the steep increase towards
the charge-transfer region (Fig. 5) [12, 18], the latter spectrum is less contoured not
only in its pre-edge absorption [18]. The latter feature is certainly due to the
drastically enhanced percentage of iron(IIl) on Ty-sites, having in mind that
MgFe,0, is reported to be an (approximately) inverse spinel phase [19].

The garnet structure also offers the possibility, to study the binding and colour
properties of iron(Ill) in octahedral and tetrahedral coordination [22, 23]. These
polyhedra constitute a corner-connected frame, in which the tetrahedra lie isolated;
additional dodecahedral polyhedra complete the network. The ligands are four-
coordinated by one tetrahedral, one octahedral and two dodecahedral cations. We
reproduce the ligand field spectra of Y3FeGa,0,,, equilibrated at different temper-
atures, in Fig. 9, where about 20% of iron(III) is found in Ty4-sites [23]. Nevertheless,

Fig. 8 The bright (brownish) green hue of CryO5 (left) and the light and dark brown hues of
ZnFe,04 and MgFe,0y, respectively
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Fig. 9 The powder
reflection ligand field
spectra of the garnet phase
Y;FeGa,0,, equilibrated at
1,050° (I, IT) and 1,350°C
(IL, TV) and measured at
298 (I, III) and 5 K (II, V),
respectively (reproduced
from [23]). The intensities
of the 298 K curves are
shifted to by 0.5 larger log
k/s-values
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the latter absorptions dominate the intensity distinctly, as the low-energy
5A, e 21, o a4T2g in comparison to the °A, — ,*T,, ,*T,-transitions clearly indi-
cate. Though the octahedral and tetrahedral spectral features widely overlap at
higher energies, a consistent assignment is possible. The, via the master equations
(Eq. 9), derived parameters:

oct.
tet.

A=15.3,B=0.65x 10°cm™! @)
A= 72,B=0.60x 10°cm™!

are consistent in yielding B(tet.) < B(oct.) and a At/A,-relation near 0.5 (=0.47).
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3.3 Symmetry and Spectroscopy: Evidence for Metal-Metal
Interactions in the Corundum Structure

In the corundum structure of a-Al,O3, there exist pairs of face-connected octahedra:
...03AIO03AlOQs;. . .. They impose a local (very near to) Cs, distortion on the AlOg
octahedra, which is induced by the electrostatic repulsion between the two cations
via the common face (Fig. 10). While the two asymmetric metal-to-oxygen distance
triples differ considerably in length, with 1.97 and 1.86 A, respectively, the bond
length anisotropy is only small in the isostructural Cr,Oz (2.02 and 1.97 A)
[24]. Obviously, the c-electron donor activity of oxygen has become more distinct,
in comparison, by the participation of the binding eg4 subshell of chromium (III). It
lowers the effective charge of the metal cations and reduces the inter-metal repul-
sion. Both, the charge effect and the decrease of the intercationic distance, mediate
a metal-metal orbital overlap, thereby also shaping the ligand field spectrum. As
pointed out above, the T»,-electron density distribution is symmetry-adapted to
such an inter-metal binding. It is, favourably, (near-to) non-bonding in respect to
oxygen, because the four O -electron pairs are involved in metal-ligand 6-bonds
to their four cationic neighbours. If the threefold axis is chosen as the axis of
quantisation (z), as the Cz,-symmetry demands, the ty,-orbital set transforms and
splits into a; and e. a,, corresponding to d.?, promotes the direct metal-metal
overlap, whilst e represents a non-bonding dxz_yz, d,-orbital pair. The e,-orbitals
in Oy, remain degenerate in C3, and are involved into the 6-bonding towards the
3d"-cation. Figure 10 visualises how the face-connected double-octahedra are
linked via common corners in the corundum structure.

From Fig. 11, the energy implications, if Cr** is substituted into a-Al,Os3, can be
deduced. The extreme situations are the ones where no Cr'"—Cr'™ pairs exist in the

\ﬁ@/
@ 0* @ Fe*
essssnss Long O-Fe bonds

Short O-Fe bonds

Fig. 10 The corundum structure of a-Al,O3, Cr,O3 and a-Fe,Oj3, with pairs of face-connected
octahedra as the exceptional feature. The bond distance anisotropy due to the repulsion between
the two cations along the Cs-axis (lic) is also schematically visualised (right, [25])
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Fig. 11 The energy implications, induced by the possibility of a direct metal-metal d—d-overlap
in the corundum structure along the z-axis in the Cs,-point group. The d-orbital schemes (/eft) and
the d*-state diagrams, referring to Al,_,Cr,Os-mixed crystals (right), sketch the symmetry and
energy conditions in Cs,. Without inter-metal overlap, only a tiny energy splitting (see: 1))
according to trz—a;, € and Ty, — A, E; Tjy— Ay, E is expected. The superscripts e,
n and * stand for metal-metal c-antibonding, non-bonding and (predominantly) metal-ligand
c-antibonding, respectively

structure (at very low dopings) and that of Cr,03, respectively. However, already
without the d—d interactions within the pairs — which, for symmetry reasons,
concern the 4T2g state exclusively — band splittings are expected due to the imposed
C;, symmetry. They are very small, however, and neglected here, because the bond
length anisotropy (1.995+0.025 A) is tiny. We are now ready to assign and to
interpret the split bands of the octahedral 4A2g —>4T2g transition correctly,
according to Fig. 11. The results are summarised in the survey of Eq. (3):

Al(Ga), Cr,0; A B

x=01 (Al) 17.8 0.64 x 10°cm™! a

x=0.07 (Ga) 16.6 0.62 b (3)
x=20 15.8° 0.57 c

(’“split bands at 14.1 and 16.7 X 103cm’1)

The decrease of A from b to ¢ by 5% and of B by about 10% reflects the c-anti-
bonding effect on the Toe-electron density due to the metal-metal bonding. The
interpretation exceeds and essentially refines the one in [21], which did not consider
this interaction. A closer inspection of the symmetry and chemistry landscape,
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which characterises the d-electron distribution of chromium(III) in the corundum
lattice, is found in Appendix 3.

Turning to the binding status of iron(Ill) in a-Fe,Os, there is a significant
difference in the bond lengths in respect to a-Cr,O5, which widely diverge, with
1.945 and 2.115 A (towards the common face) [25] even more than in the case of
a-Al,O3 (vide supra). The two additional c-anti-bonding e,-electrons possibly
explain this discrepancy, because their presence reduces the d-orbital donor-
strength of oxygen, thus leaving a larger positive effective charge on iron than
this was the case for chromium. One might further argue that, in compensation of
this charge disbalance, the bond lengths opposite to the common face are consid-
erably shortened. Proceeding to the utilisation of the ligand field spectra of iron(III)
in a-Al,O3, thereby having the results of chromium(III) in the same host solid in
mind, the following symmetry and experimental conditions have to be considered:

1. The theoretical analysis yields that the inclusion of the pair overlap in the Cs,-
point group affords the redefinition of the parameters A and B according to
Eq. (4a). Here, 6 and analogously b have the meaning as anticipated in Fig. 11,
left. Symmetry-underlayed considerations moreover demand a pronounced split-
ting of the 4T2g states; their A-split components occur at energies, characterised
by parameters as in Eq. (4b):

AN=A-6and B =B-b (4a)
A —38(A" —25) and B — 3b(B' — 2b) (4b)

While the latter 4A1(4T2g) energy displacements mirror specifically the pair
interactions, one should keep in mind that the large bond length anisotropy
due to the Cs,-polyhedron distortion may induce additional T-state splittings,
which are not considered here. Appendix 3 treats and deepens this matter in
greater detail.

2. After all, the spectra of mixed crystals Al,_ Fe,03, with x < 2 (Fig. 12), repre-
sent a highly complex binding situation. One constituent involves iron(III)
without (A, B) and one component with pair interactions (A-d, B-b) — the latter
with the additional symmetry condition in Eq. (4b). Though these species
overlap with differing contributions, the ligand field spectra are in essential
agreement with the above presumptions. The polarised single crystal spectra of
Fe**-doped Al,O by Lehmann and Harder [26] image the described symmetry
and energy conditions according to Egs. 4a and 4b rather well (Fig. 12, 1), as is
pointed out subsequently.

The spectral fitting is based on the four parameters, A, B, § and b, which reproduce
the energy landscape with three broad, one broad-footed and two neighboured narrow
transitions quite well (Table 3). The broad-footed band is resolved into four compo-
nents, as reported in a later study by Ferguson and Fielding [27]. The latter authors
investigated, as also Krebs and Maisch [28] did, single crystals of natural sapphires
by optical spectroscopy down to SK. Increasing the Fe®* concentration shifts the
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Fig. 12 The ligand field spectra of a-Al, ,Fe ,O; mixed crystals with x-dopants (I), x=0.2
(II) and x=2.0 (III), respectively. Spectrum I is of polarised single crystal type and reproduced
from [26]. Fittings 1 and 2 refer to isolated octahedra and to octahedra with pair interactions,
respectively. The derived parameters are collected in Table 3, together with those which were
coarsely estimated for a-Fe,O3. For the sake of keeping the survey, the indicated state symbols are
those of the O-point group; only, where T,-states are involved, C3,-nomenclature is utilised for the

split-states (in parentheses)

A-dependent transitions to higher energies, this indicating the expected bond length
elongation. In the case of a-Fe,Os, the fitting of the low-energy °A; — *A,, ,*E
(a4T1)— and — b4E (a4T2)-broad bands yields, with the tentative choice of
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Table 3 The ligand field parameters of a-Al, ,Fe Os;-mixed crystals at very low iron(IIl)
concentrations, according to their spectral images in Fig. 12, I

(@ |A=15.0,B=0.635x 10° cm™'; A/B=23.6

(b) | A’=13.2,B'=0.62 x 10> cm™"; A’/B' =21.3 with §=1,800 and b =15 cm™'; the ligand
field parameters for the 4A1 (34T2)-split state are:

A-35=9.6,B-3b=059 x 10° cm™!

The data refer to isolated octahedra (a) and dimeric octahedra (b) — see the notations 1 and
2, respectively, in Fig. 12, I and also Egs. (4a and 4b)

B=2600 cm ™' (slightly smaller than the value for B’ in Table 3, accounting for the
AI(IIT)-by-Fe(IIl)substitution), a ligand field parameter A of 11,700 cm !
(spectrum III in Fig. 12). It is of reasonable magnitude if compared with
13,200 cm™! for the doped compound. The A decrease, which models the transition
from isolated to dimeric colour centres and simultaneously the Al(III)-by-Fe(IIl)
substitution, is with 23,300 cm™!, distinctly larger than the one for the
a-Al,_,Cr,O5-mixed crystals (Eq. 3), where it is 2,000 cm™'. Similar to Lenglet
et al. in the spinel case [18], the above-mentioned authors [27, 28] utilised the model
of pair excitations in order to understand the appearance of the extra-transition at
about 17,500 cm ™' (Fig. 12). As has been pointed out above in length, this treatment
is not symmetry conform with Cs,. Not only the latter excitation but also the sharp
double peaks at about 27,000 cm™' and the broadened absorption around
22,000 cm~ ! find an obvious and near-to-the experiment interpretation, if the here
proposed approach is chosen, yielding the ligand field parameters in Table 3.
According to the Racah parameter B =655 cm ™' and the C/B-ratio of 4.73, derived
by Lehmann and Harder [26] from the °A; —*A,, ,*E- and — ,*E-transition ener-
gies, the (practically A independent; see Eq. 9) ®A; — ,*T, absorption is calculated to
appear at 24,000 cm ™~ '. This is indeed very far off the chosen assignment of the sharp
peak at 25,700 cm ™' to this transition, which was adopted in [27, 28] as well.

The spectra of oxidic iron(IIl) solids are — at high concentrations of the
hue-lending cation, where cooperativity within the lattice governs the intensity
mechanisms — dominated by a rather steep than gradual intensity increase in the
red-to-orange colour space towards the charge-transfer region. Accordingly, reddish-
brown colours are observed (e.g., see the haematite samples, in Fig. 13), with various
shades due to the specific spectral structure between 14,000 and about 18,000 cm™".
In the next section, we will shortly discuss the origin of the charge-transfer absorp-
tion, which characterises oxidic iron(IIl) solids. Though not directly subject of this
contribution, such phenomena essentially control the coloration in very many cases.
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Fig. 13 The reddish-brown hues of a-Fe,O3 pigments of different particle size (~0.1; ~0.25;
~0.75 pm from left to right)

3.4 Origin of Colour Due To the Charge-Transfer
Absorption of Oxide Pigments

The lowest energy charge-transfer transitions of octahedral iron(IIl) are those from
the approximately non-bonding molecular orbitals t;, t;y, tr, With predominating
ligand character to the n- and c-anti-bonding t,,* and e,* MO-sets, which mainly
originate from the cationic 3d-orbitals. In a pioneering study [15], based on the
spectra of iron(Ill)-doped Cs,NaYClg, it has been shown that the energy sequence
of the lowest spin- and parity-allowed transitions is t;, — tyg™®, thy — g™, tj, — €5*
and tp, — e,* between 25 and 45 X 10° cm™'. The A-parameter of 7.100 cm™ !,
derived from these numbers (without accounting for interelectronic repulsions via
B, C), is considerably smaller than the one, reported for Cs,NaFeClg in Table 2
(10,700 cm™") — most probably induced by the large ionic radii difference between
Y(III) (0.90) A and Fe(III) (0.645 A). The parity-forbidden transition t, g — b is
detected as a peak of very weak intensity at about 22,400 cm ™' [15]. The mentioned
transitions mirror Fe—Cl bond properties via the anti-bonding 3d-MOs and are a
crucial probe for the extent of their participation in the cation-ligand interaction.
With this background information in mind, one can define what is called the optical
electronegativity yop for the cation and the ligand, respectively [29]. These param-
eters are linked with the energy (wavenumber v) of the lowest parity-allowed
CT-transition via the relation:
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v 22 30 (7ope(lig) — Hopt(cat)) x 10°cm™ (5a)

;(Opt(Fe“) is 2.5, and a refinement, when also coarsely accounting for the d® — d°-
specific change of the interelectronic repulsion during the charge-transfer excita-
tion, yields:

v 2 30y, (lig) — 75+ 0.019B) x 10°cm™" (5b)

Inspecting Fe3+-d0ped Cs;NaYClg, one derives, with y,p(chloride)=3.0 and
B=530cm™! (Table 2), v=25,000 cm - very well in accord with the position
of the first parity-allowed transition [15]. In the case of Cs,NaFeClg (Fig. 4),
however, the steep ascent towards the charge-transfer region occurs already at
about 18,000 cm™ ' (vide infra). If Fe* is tetrahedrally coordinated, a shift of the
charge-transfer bands to higher energies is expected, because particularly the
effective charge on the cation less distinctly deviates from 3 than in an octahedral
ligand field. Indeed, the steep increase towards the first CT-transition of the solids
A'FeCly (Fig. 4) is observed only at about 22,000 em™'. A critical evaluation of
Egs. 5a and 5b in respect to experimental and DFT-calculated charge-transfer
energies — for trivalent 3d"-cations in octahedral chloride coordination — has been
given elsewhere [11]. It is expected that y, widely varies for oxygen as the ligand;
this is so because the contrapolarising influence of its cationic neighbours signifi-
cantly models the quality of the cation—oxygen bond [16], particularly if a higher-
valent cation such as iron(Ill) is considered. Here, y,p(0xygen) varies from 3.7 or
3.5, if S(VI) or P(V) and Si(IV) are the contrapolarising species, via 3.0 for Ca’* to
2.2 for Cs*, which represents the softest cation in the scaling [29]. The general
statement is that the ligand-to-metal charge-transfer energies decrease, the more
covalent the iron(Ill)-oxygen bond becomes (small y,,(0xygen)- and B-values).
Applying these considerations to the garnet Y;Ga,FeO,, (Fig. 9) and the spinel
mixed crystals ZnGa,_,Fe, O, (Fig. 5), the first charge-transfer band is calculated
(Eq. 5b) to appear at 33 and 30 x 10° cm ™', respectively, if Xopt 1 suggested to be
3.2 and 3.1, here also following the magnitudes of B, with 650 cm ™' for the garnet
and 610 cm ™' for the spinels. The reality is different, with an only vague corre-
spondence; the intensity increase towards the first charge-transfer band is estimated
to set in at ~24,000 cm ™! in the former and at about 17,000 cm ! in the latter case.
One crucial reason is surely, that covalent-type cooperative interactions between
the iron(III) cations in the solid matrix come in, with the tendency to constitute a
broad 3d-band. Particularly the spectra of the spinel mixed crystals — this structure
favours intercationic interactions via the edge-connected octahedra — display
respective features. Whilst at low iron(IIl) concentrations the intensity increase
towards the charge-transfer region extends over a wide energy range between about
22 and 33,000 cm™!, it is steep in the case of ZnFe,O, — between 16 and
20,000 cm ™' (Fig. 5). Striking is the extent of this shift in the spectra of the
Fe,Al,_,Os-mixed crystal series, from 29,000 cm ™' in the case of the doped solid
[26] to about 16,000 em ™! for a-Fe,O5 (Fig. 12). The phenomenon suggests a
pronounced cooperativity effect with the formation of an expanded anti-bonding
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d-band, which is broader than that for the spinel phases. The very distinct
intercationic interactions (direct and via oxygen bridging), indicated in the spec-
trum, are modulated by rather intense lower-energy ligand field bands. The latter
give rise to a minimum in the red and a pronounced shoulder in the orange spectral
region. It is mainly the transformation of the local anti-bonding 3d-states into a
broad band, however, which generates the typical brown-shaded hues (Fig. 13),
omnipresent in nature. There is no complete mixed crystals series Al,_Fe O3,
because the ionic radii difference of the two cations is, with 0.11 A, rather large. We
conclude by mentioning a recent study, which investigates via density functional
calculations [30] the influence of a substitution of iron(Ill) in a-Fe,O3 by various
3d-cations on the band structure.

4 Concluding Remarks

Crystallographic investigations yield the basic information on the structure of a
solid, which characterizes the geometric details and the symmetry conditions within
an extended lattice. Probe methods, such as ligand field spectroscopy, possess the
potential to refine such results by providing additional insight in respect to speci-
fically the probe-cation within its chemical environment. One can even analyse
such properties and their dependence on the concentrations, in order to further learn
about intercationic interactions. This information, in the context of this contribu-
tion, supplies detailed knowledge about the participation of the 3d-electrons in the
bulk iron(III)-ligand bond. One learns about the various interactions of the probe-
cation with its higher-sphere environment, which may reveal subtle qualities of the
chemical bonding beyond the direct anionic neighbours. Interestingly enough, this
detail knowledge comes from inspecting electronic excitations within the 3d-shell.
Thus, although enclosing excited energy landscapes, the Franck—Condon transi-
tions provide valid information via the projection of excited-state properties onto
the ground state. A fascinating story is that the shortly sketched abstract knowledge
is perceived and translated by the human senses into the colour variety of the optical
spectra. An early book publication [31] internalizes the ambiguity of colours as
being both, an emotional phenomenon and an abstract scientific event. Indeed, finer
changes in the symmetry and structure of, say, an oxidic iron(IIl) pigment find their
equivalent in specific shades of hue, which are aesthetic qualities with emotional
implications. The Fe,Al, ,O3-mixed crystals are particularly interesting. Here,
even binding peculiarities, such as the pair formation via a direct metal-metal
interaction, are manifested by the presence of additional symmetry-dictated absorp-
tion bands. The very often observed brown tinges of iron(IIT) oxide-type solids are
usually caused by spectroscopic charge-transfer phenomena, which accompany the
changeover from isolated 3d states towards an anti-bonding 3d-band. In conclusion,
the authors think that the theoretical and experimental background knowledge
about the colour of oxide iron(II) pigments is detailed enough to allow a predict-
able manipulation of the hue.
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Appendix 1: The Crystal Field Treatment of a d*>-Cation
in a Cubic Environment

The state energies of a free d’-cation, in relation to its high-spin °S-ground state,
are, in terms of the Racah parameters B, and C, which parameterize the
interelectronic repulsion [2]:

—*G 10By + 5 Co; — 4P 7By + 7Co;
— 4D 17By + 5Cy; —4F 22 By + 7Cy (6)

These states transform and split, by symmetry, in an octahedral crystal field into the
components: 4A1g, 4Eg, 4T1g, 4ng; 4T1g; 4Eg, 4ng; 4A2g, 4T1g, 4T2g — where GAlg is
the (high-spin) ground state. The energies are (see also Eq. 6) [2]:

*A1y 10B +5C; *Ey 10B + 5C )
*Age 22B +1C; 17B + 5C
—~A—E 3BV2 -C
“Tig| 3BV2 9B+ C—E —3By2| =0, with10B + 6 C to be added to
—C —3B\2 A—E the three solutions
~A—E —\V6B —(4B +C)
“Tye| —v6B —S5SB—C—E —+6B |=0, withdiagonal additions
—(4B +C) —/6B A—E of 188 + 6C

Here, the ligand field parameter A and the modified Racah parameters B and
C account for the energy modifications due to placing the cation into an external
crystal field. Accordingly, ten S =5/2 — to — § = 3/2-transitions may be observed at
the most, from which one (4A2g) and those with a positive A dependence (C4T1g,
C4T2g) are expected only at very high energies; furthermore, two (4A1g, a4Eg) are
degenerate in energy. The 4Tg-matrices indicate that — according to a (near-to)
(—A)- or (+A)-dependence — the spin pairing may occur in the tzg—(t2g4eg1) or in the
e -subshell(ty,’e,”), respectively, while the ,'T .- and ,*T,e-transitions are
expected to depend only weakly on A. The specific symmetry of the two 4Tg
matrices in respect to A is the reason why the Eq. (7) can be used in the case of
tetrahedral crystal fields as well. Though usually a change of sign due to the reverse
splitting into a lower-energy e- and a higher-energy t,-orbital set in T4 as compared
to Oy, has to be applied, this is needless here.
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Appendix 2: A Critical Review Towards the Numerical
Instruments of Ligand Field Theory in Respect to Mn**
and Fe** in Oy,- and T4-Coordination

As has been discussed in detail elsewhere [7], spectral data for the free manganese
(IT)-cation [32], specifically the electronic transitions from 5S to 4G, 4P, “D and 4F,
can be rather precisely fitted to the Racah parameters By and Cy, with numerical
values of By=750 cm™' and C¢/By=5.2 — though with the exception of the
S — *P-transition, which is calculated to occur at a, by about 10% too low energy.
Thus — refraining from the doubtful-debatable procedure to introduce one addi-
tional parameter in order to achieve an improved fit to the experiment (Trees
correction, see [7]) — one may confidently use the crystal field energies of Eq. (7)
in Appendix 1 to parameterize experimental data, thereby leaving aside the
6A1 e 4T 1g-transitions in the numerical calculation, however, for obvious reasons.
The following master energy equations (utilising the B/C = By/Cy-ratio of 5.2 and
referring to A/B-ratios in the range of those, deduced for oxidic manganese(II)-
solids in Ty(left) and Oy (right) crystal fields) are easily derived — restricting to the
six lowest energy transitions [7]:

SA;—%AL, *E 36B  ,*E 43B (8)
and, for A/B =7 (left) and =14 (right), respectively:

Ay — T, —0.84A +38.0B —0.94A +39.1B
AT, —0.34A +373B —0.70A +41.0B
»*T, —0.28A +43.5B —0.14A + 42.0B
»*T; +0.68A +42.0B +0.48A + 44.5B

After all, one is in the comfortable situation, that there are frequently four exper-
imental data (6A1 —>4A1, a4E; b4E; a4T2; b4T2), from which only two unknown
parameters have to be deduced. The interelectronic repulsion parameter B can be
derived from the A-independent transitions, where the minimum positions of the
ground- and excited-state potential curves coincide. These minima are displaced in
respect to each other, if A is involved. Though the Stoke shift, which is the energy
difference between a transition in absorption and emission, is rather small in the
case of a divalent cation such as Mn?*, the derived A parameter is nevertheless —
though modestly — semi-empirical in nature. It is hence expected that — within the
discussed limits — the nephelauxetic ratio § = B/B, images the covalency properties
near to reality and that also A is a parameter, which reflects changes in the binding
quality in a sensitive manner, if one sticks to the outlined critical calculation
procedure. Having this in mind, both parameters, B and A, constitute as reliable
members of the nephelauxetic and spectrochemical series of ligands [6].

Iron(III) differs from Mn(Il) in its binding properties, by the distinctly enhanced
covalent overlap between the metal and the ligands, and demands to classify the t,4-
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and e,-electrons in Oy, according to their z- and c-anti-bonding character, respec-
tively; similarly, the e- and t,-electrons in T4 are z-anti-bonding in the former and
intermixed between o- and m-anti-bonding in the latter MOs. Accordingly, the
Racah parameters differ, depending on whether they refer to t,- or e-electrons.
For example, in the case of Cr’* in the octahedral coordination of fluoride
elpasolites, B varies considerably between 790, =685 and 2620 cm™ !, for a t2g3—,
tzgzegl— and tzglegz—conﬁguration, respectively [11]. Having covalence phenomena
of this type in mind, a coarser approach than the one introduced for Mn** seems
appropriate — and this with the clear intention to not overload the treatment with too
many not sufficiently meaningful parameters. We will accordingly follow an
approach, in which only a singular B-value is used and in which also the
®A; — *T;-transitions are included into the fitting procedure, thereby utilising a
C/B-ratio of 5.0. Though well defined, this approach certainly implies a larger
uncertainty in the numerical fixation of the ligand field parameters. Nevertheless,
“quod est demonstrandum”, rather satisfactory fits to the iron(IIl)-ligand field
spectra are possible, with consistent interpretations of the derived binding param-
eters A and B. The basic demand is, as always, the assistance of an appropriate
symmetry classification. As for Mn**, we use in the following master equations for
the transition energies of iron(Ill) in O- and Ty-ligand fields at (for the A-depen-
dent absorption bands) A/B-ratios, which are particularly applicable to the oxidic
iron(III) solids, considered here, with C/B = 5.0:

°A; — %Ay, J*E : 35B — ,'E : 42B (9)
and, for A/B =12 (left) and 20 (right), respectively:

A — ST, —0.93A+37.7B —0.97A + 38.3B
STy —077A+417B —0.90A +43.7B
v*T, —0.02A +383B —0.01A + 38.1B
3T, +0.57A +41.8B +0.23A +47.2B

Appendix 3: The Symmetry Relations and the d-Electron
Density Distribution of Chromium(III) and Iron(III)
in the Corundum Structure

If one marks the t,,- and e,-wave functions in O, with ¢, n, £ and @, €, respectively,
the following linear combinations result, if the axis of quantisation is now Cs;
instead of C,4 (see column Cs, (1)):
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On Csy(1) Csv(2)

by ¢ 1/V3(C+n+é a d?
n 1/\/6(24 —n- 5) € dxzfyz (10)
5 1/\/§ n— é:) dxy

€g @ (2] € dxz
e e d

yVZ

Adopting the C;- as the new molecular z-axis, the d-wave functions transform as
listed under Cs, (2); the latter are the ones used in the main text and in Fig. 11.
According to the presence of the threefold axis, any cyclic permutation of the wave
functions under Cs, (1) is also a valid choice. The dzz—wave function models the
metal pair interaction in the corundum lattice via a;. The two e-doublets come out to
be non-bonding (from t,,) and c-anti-bonding (from e,), respectively, if otherwise
the octahedral symmetry is retained — as this is nearly so in Cr,0s. In difference, the
structural Cs, distortion is very significant in a-Fe,Os, and the two e-orbital sets are
expected to intermix. The distance between the two, displaced, octahedral cations
within the O3sMO;MOs-binuclear pairs (Fig. 10) along the Cs-axis is about 2.12,
2.17 and 2.27 A for M being AI(III), Cr(III) and Fe(III), respectively. These values
coarsely follow the sequence of the octahedral ionic radii, which are reported to be
[33,34] 0.535,0.615 and 0.645 A, only in the case of the two 3d-cations. For AI(III)
this spacing is about 0.1 A larger, which becomes apparent, if one corrects the
internuclear distances in respect to the ionic radii differences. This observation
indeed matches with the lack of intercationic binding in that case. Focussing on Cr
(IIT) and Fe(IIl) accordingly, one further notes that the bond lengths towards the
oxygen ligands in the boundary faces of the binuclear pairs (1.97 and 1.945 A,
respectively) indicate a by nearly 3% (again radii-corrected) reduced effective
value in the latter case. Recalling the spectral results in addition, one has to
conclude as follows: The distinct Cs,- structural component, considering
a-Fe,03, has introduced, via the e(t,,) — e(eg)-interaction (Fig. 11, left), particularly
a more pronounced to-splitting; this energy effect is nicely imaged via the by a
factor of two enhanced parameter 8 (see Eq. (3) and Table 3 in Sect. 3.3), and
attended by the conversion of the two symmetry-equivalent orbital doublets into
linear combinations (see Eqs (10)). Also the derived ligand field parameters (A, in
10° ecm™") for the here and in [21] discussed spinel-, garnet- and corundum-type
phases indicate the exceptional position of a-Fe,Os:
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Compound A B

ZnCr,0O4 17.4 0.64

ZnFe,04 15.7 0.65

Y3CrGa4012 16.15 0.63 (11)
Y3FeGa4012 15.3 0.65

a-Crp O3 15.8 0.57

o-Fe, O3 =117 =0.60

It is, induced by the dramatic rise of the intercationic overlap parameter 6, the
pronounced decrease of A, which mirrors the binding landscape specifically in the
a-Fe,Al, Oz-mixed crystals (see Table 3). A becomes smaller by at least 20%,
when replacing chromium(III) by iron(Ill) in the corundum structure, in compari-
son to 10% or even less in spinel- or garnet-type phases. Considering the above
outlined model arguments, this is an expected experimental result. Already
discussed is the reduction of B (in 10° cm ™', see Eq. 11) by about 10%, which is
observed, if the within-pair overlap comes up in addition (Table 3). We think that —
though the iron(Ill) bonding properties in the corundum lattice are highly complex
— the proposed model is an acceptable symmetry-adjusted approach to what one
may call the truth.
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