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PREFACE

Volume 63 of Advances in Inorganic Chemistry is a thematic
issue devoted to inorganic photochemistry, coedited by Grazyna
Stochel from the Jagiellonian University in Krakéw, Poland.
Photochemistry has always played an important role in inor-
ganic/bioinorganic chemistry, and with the development of
sophisticated instrumentation, the underlying physical and
chemical processes have been clarified to a significant degree in
recent years. Inorganic photochemistry presently finds applica-
tion in diverse areas such as sensor technology, molecular
assemblies, catalysis, medical therapy, biomimetics, activation
of small molecules, semiconductors, solid materials, and environ-
mental processes. This volume includes 10 contributions
highlighting the role of photochemistry in a broad spectrum of
inorganic chemistry. We hope it will prove interesting and
inspiring to researchers in this field.

The first chapter by Harry B. Gray and collaborators presents a
detailed account on luminescent lanthanide sensors. This is
followed by a chapter on the photo-physics of soft and hard molec-
ular assemblies based in luminescent complexes written by Luisa
de Cola and collaborators. The photochemistry and photo-physics
of metal complexes with dendritic ligands are covered in the fol-
lowing chapter by Vincenzo Balzani and collaborators. In the
fourth chapter, Osamu Ishitani and collaborators present an
account on the photochemistry and photo-catalysis of rhenium(I)
diimine complexes. In the subsequent chapter, Luis G. Arnaut
reports on the design of porphyrin-based photosensitizers for
photodynamic therapy. Photosensitization and photo-catalysis in
bioinorganic, bio-organometallic, and biomimetic systems are
covered by Giinther Knor and collaborator in the sixth chapter.
A short review on recent developments in transition metal
complexes as solar photo-catalysts in the environment is pres-
ented in the seventh chapter by Zofia Stasicka. This is followed
by a contribution from Arnd Vogler and collaborator on the photo-
chemical activation and splitting of water, CO,, and N5 induced by
charge transfer excitation of redox-active metal complexes. In the
ninth chapter, Horst Kisch reports on visible light photo-catalysis
by metal halide complexes containing titania as a semiconductor
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ligand, and in the final chapter, Bunsho Ohtani presents a contri-
bution on photo-catalysis by inorganic solid materials, in which he
revisits the definition, concepts, and experimental procedures.

We appreciate the constructive interaction we had with the
authors of these chapters and thank them for their willingness
to find time to contribute to this thematic issue. We trust that
the readers in the inorganic/bioinorganic chemistry communities
will find this volume informative and useful.

Rudi van Eldik
University of Erlangen-Niirnberg
Germany

Grazyna Stochel
Jagiellonian University
Poland

May 2011
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ABSTRACT

Luminescent lanthanide optical sensors have been developed
that utilize ancillary ligands to enhance detection of a target
analyte. In these systems, the lanthanide (ligand) binary com-
plex serves as the receptor, which upon analyte binding forms a
ternary complex resulting in detectable change in lanthanide
luminescence (Fig. 1). The ancillary ligand improves many pro-
perties of analyte detection by protecting the lanthanide and
strengthening analyte binding affinity. Encapsulation shields

ICurrent address: Department of Chemistry, University of California,
Berkeley, California, USA
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2 MORGAN L. CABLE et al.

the lanthanide ion from solvent-quenching effects and interfering
ions, improving assay sensitivity and selectivity. The ligand-
induced enhancement in binding affinity appears to be the result
of an increase in positive charge at the analyte binding site due
to the electronegative ancillary ligand bound on the opposite
hemisphere of the lanthanide. We have elucidated the effects of
ancillary ligands for various lanthanide/analyte systems and
shown how such effects can greatly improve sensor performance
for medical, planetary science, and biodefense applications.

Keywords: Lanthanide; Sensor; Sensitized luminescence;
Dipicolinate; Macrocycle; Ternary complex; Bacterial spore;
Ancillary ligand; Gadolinium break; Catecholamine; Salicylic
acid; Salicylurate.

I. Introduction

A. LANTHANIDES

The lanthanides, or lanthanoids, are elements with lives of
their own—enigmatic, difficult to separate and purify— and
most often pictured as a row orphaned from the rest of
the periodic table along with their more radioactive siblings,
the actinides. Also known as “rare earth elements” due to the
etymology of the term “lanthanide” (derived from the Greek
lanthanein, meaning “to lie hidden”), they include the 15
elements of the top row in the “f-block” and have electronic
configurations [Xe] 4f*5s%5p®, where n varies from 0 to 14. Inter-
estingly, lanthanides are neither rare nor “earths,” an old term
used to describe certain metal oxides such as lime and magnesia
(I). Even the rarest lanthanides—thullium and lutetium—are
two orders of magnitude more abundant than gold (2).

Lanthanides have found uses as catalysts, ceramics, and perma-
nent magnets, as well as in optics and electronics (3,4). Solid
phosphors containing europium, cerium, and terbium are found in
many common fluorescent lighting and color displays. Various
lanthanide ions are used in lasers, with neodymium as the
most famous in yttrium aluminum garnet (Nd-YAG). The green,
blue, and red luminescent bands in Euro banknotes are from
europium complexes (5). Certain lanthanides are used as tracers
in wine chemistry to discriminate wines according to geographical
region (6). The ratio of europium, which is almost entirely formed
in stars, to other rare earth elements in meteorites has helped
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us decipher much of the history of processes in our solar system,
including the early development of the feldspar-rich lunar crust (7).

In aqueous solution, lanthanides are most stable in the
tripositive oxidation state, making them difficult to separate
and purify. The preference for this oxidation state is due in part
to the energy of the 4f electrons being below those of the 5d and
6s electrons (except in the cases of La and Ce). When forming
ions, electrons from the 6s and 5d orbitals are lost first so that
all Ln®>" ions have [Xe] 4f" electronic configurations. Under
reducing conditions, certain lanthanides (europium, samarium,
and ytterbium) can be stable as dipositive ions, and cerium can
adopt a +4 oxidation state (5).

Lanthanide ions are hard Lewis acids: the 4f orbitals are well
shielded by the 5s and 6p orbitals and do not participate directly
in bonding, n-bonding is disfavored, and there are no complexes
with Ln—O or Ln—N multiple bonds. Coordination to Ln3* is
ionic in character, leading to a strong preference for negatively
charged or neutral donor groups with large ground state dipole
moments (Fig. 1). Combinations of amines and carboxylic acid
groups are therefore often used for lanthanide complexation
(8,9). Coordination geometries in lanthanides are determined by
ligand steric factors as opposed to orbital overlap or crystal field
effects (10,11). In aqueous solution, donor groups containing
neutral oxygen or nitrogen atoms generally bind when present in
multidentate ligands, such as podands, crown ethers, and cryp-
tates (12-15). Relatively few complexes of monodentate nitrogen
donors are known, suggesting an oxophilic tendency of lanthanide
binding. This preference for oxygen donors also makes lanthanides
quite lithophilic and explains their occurrence in silicates as
opposed to metallic or sulfidic minerals (16).

Analyte Receptor Ternary complex

Fic. 1. Binding of an analyte to a lanthanide-based receptor pro-
duces a luminescent ternary complex. The ancillary (receptor or helper)
ligand is shown in dark gray.
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The coordination number of [Ln(H50),]>" is normally 9 for the
early lanthanides (La—Eu) and 8 for those later in the series
(Dy-Lu), with the intermediate metals (Sm-Dy) exhibiting a
mixture of species. However, the coordination number can be
dictated by the steric bulk of the coordinating ligands, and
species with coordination numbers as low as 2 and as high as
12 are known (5,17).

With the 4f electrons well shielded from the environment,
the spectroscopic and magnetic properties of the lanthanides
(e.g., electronic spectra and crystal field splittings) are largely
independent of environmental factors (solvent, coordinated
ligands). The number of electronic configurations is a function of
the number of unpaired electrons where 0 <x <14, with the lowest
energy term for each ion consistent with the predictions of Hund's
first and second rules (18,19). Owing in part to spin—orbit coupling,
the lanthanides exhibit a rich energy level pattern, with the lowest
electronic excited states significantly above the ground state (20).
As f—ftransitions are electric dipole forbidden (but magnetic dipole
allowed), lanthanide ion absorptions are very weak
(e~0.1mol ™t dm?®em™) (5,21-23). Electronic transitions must
involve promotion of an electron without a change in its spin
(AS=0) and with a variation of either total angular momentum
or total angular quantum number of one unit at most (AL =+1.0;
AJ =+1.0). Though absorption of radiation can in theory promote
the lanthanide ion to any energetically accessible state, emission
normally occurs only from the lowest lying energy level of the first
excited term due to rapid internal conversion (IC) (19). In cases of
low symmetry or vibronic coupling, the f—f transitions can gain
intensity through f- and d-state mixing with higher electronic
states of opposite parity. Broad 4f*—4f*! 5d' transitions also
can be seen in the infrared region for some lanthanides.

The electronic configurations of Ln®" ions are split by electronic
repulsion, with term separations on the order of 10* em™ (Fig. 2)
(24). These terms are split further by spin—orbit coupling into J
states, with energy differences in the 10? cm™ range (25). These
spectroscopic levels can be split once again into what are termed
Stark sublevels due to ligand-field effects from the coordination
sphere around the lanthanide; Stark sublevel splitting is on the
order of 10%cm™ (26). The emission peak positions in Ln®"
complexes do not vary substantially, because the f-electrons are
shielded, but an emission profile (defined as the relative intensity
and degree of splitting of an emission band) can vary greatly
(21,27). The number of Stark sublevels depends on the site symme-
try of the lanthanide ion, and these can be thermally populated at
room temperature, yielding more complex emission spectra.
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Fic. 2. Splitting of a lanthanide electronic configuration, with Tb*"
(4f% as an example: (1) interelectronic repulsion, (2) spin—orbit cou-
pling, and (3) ligand-field effects. The emission spectrum of Tb(DPA)3
at right is an experimental example of these splittings.

Filling of the inner 4f electron shell across the lanthanide series
results in decreases of ionic radii by as much as 15% from lantha-
num to lutetium, referred to as the lanthanide contraction (28).
While atomic radius contraction is not unique across a series (i.e.,
the actinides and the first two rows of the d-block), the fact that
all lanthanides primarily adopt the tripositive oxidation state
means that this particular row of elements exhibits a traceable
change in properties in a way that is not observed elsewhere in
the periodic table. Lanthanides behave similarly in reactions as
long as the number of 4f electrons is conserved (29). Thus, lantha-
nide substitution can be used as a tool to tune the ionic radius in
a lanthanide complex to better elucidate physical properties.

B. LANTHANIDE SENSITIZATION
The first demonstration of sensitized lanthanide luminescence

was due to the efforts of Bhaumik and El-Sayed, who found that if
the lowest triplet level of europium tris-hexafluoroacetylacetonate,
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Eu(HFA);, was excited by triplet-to-triplet intermolecular energy
transfer (EnT) from another donor (benzophenone), the energy
could be transferred to the lanthanide cation (30,31). This indirect
sensitization bypasses the selection rules that normally limit f—f
excitation in lanthanides and can result in luminescence enhance-
ment by three orders of magnitude or more (24,32,33).

In sensitized lanthanide luminescence, the chromophore is
normally an aromatic or unsaturated organic molecule that is
either anionic or is strongly dipolar, thereby promoting binding
to the Ln®" ion. To act as an efficient energy harvester or
“antenna,” (34) the chromophore must absorb radiation effec-
tively and transfer most of this energy nonradiatively to the lan-
thanide ion. This process, known as the absorption-energy
transfer-emission (AETE) mechanism, occurs in several steps.
First, the light-harvesting ligand is excited from the ground state
Sy to singlet excited states (Fig. 3). Some chromophores have sev-
eral accessible singlet excited states; nonradiative relaxation
from these higher singlet excited states (Sg, S3, etc.) to the lowest
singlet excited state (S1) via IC can occur readily. Second, a trip-
let excited state (7';) is formed through intersystem crossing
(ISC), a process that is more efficient near heavy atoms such as
lanthanides (35). Third, intramolecular EnT from the ligand trip-
let excited state to the lanthanide excited state occurs, resulting
in a populated emissive level. The efficiency of this step, the
intramolecular EnT from chromophore to Ln®", is the most
important factor influencing the luminescence properties of lan-
thanide complexes (36). The final step is the luminescence
observed as the excited state in the lanthanide decays radiatively
to the ground state (37,38).

However, there are other pathways, both radiative and
nonradiative, that can reduce the efficiency of sensitized
lanthanide luminescence. Chromophores can lose energy from
the singlet excited state by two mechanisms: (1) fluorescence,
where the chromophore radiatively decays from the singlet
excited state to the ground state, or (2) nonradiative quenching
by photoinduced electron transfer or other means (12). The
triplet excited state of the chromophore also can decay
radiatively (phosphorescence), or nonradiatively by oxygen
quenching, though oxygen has been found to have little or no
quenching effect on visible-emitting lanthanide complexes
(39,40). These mechanisms can be mitigated or minimized by
judicial choice of chromophore.

The AETE mechanism relies on appropriate alignment of the
ligand donating triplet energy level and the lanthanide accepting
excited level for efficient EnT. The intramolecular EnT efficiency
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Fic. 3. Jablonski diagram of the absorption-energy transfer-emis-
sion (AETE) mechanism from an aromatic sensitizer to Tb®". Radiative
transitions are shown with solid arrows; nonradiative transfers are
depicted with dashed arrows. UV radiation is absorbed by the conju-
gated m-electron system of the aromatic ligand leading to a singlet
excited state; this energy transfers to the ligand triplet excited state
via intersystem crossing (ISC) and then to the emissive level (°D,) of
the Tb®" ion. Luminescence is observed through radiative decay from
the excited state to the seven energy levels of the Th®" heptet ground
state (“F,;). Note that fluorescence and phosphorescence are not always
observed for aromatic donor ligands.

depends mainly on two processes: Dexter resonant exchange and
thermal deactivation (41). The donor and acceptor levels must be
close enough to allow for efficient EnT, but if they are too close,
the energy is lost due to thermal deactivation. The optimal energy
gap between chromophore triplet state and lanthanide excited
state is approximately 4000+ 500 cm™, meaning that the pairing
of lanthanide and chromophore is of the utmost importance for
achieving efficient EnT (Fig. 4) (36,42).

Lanthanide complexes reveal interesting spectroscopic features
not found in other luminescent species. Emission spectra exhibit
very narrow bands because both excited and ground states have
the same f* configuration (12,24). These f—f transitions also are
largely independent of the chemical environment of the lanthanide
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Fic. 4. Energy level diagram depicting the triplet excited states of
various aromatic ligands (left) along with the excited and ground states
of the four luminescent lanthanides (right). Ground states that do not
contribute to luminescence are shown in gray. The area highlighted
in the box illustrates the region where the energy gap between ligand
triplet state and lanthanide excited state is optimal for efficient energy
transfer (4000500 cm™! less than the ligand triplet state). Aromatic
ligands: dipicolinic acid (DPA); salicylic acid (SA); 1,10-phenanthroline
(phen); benzoate (ben); 2,2'-bipyridine (bpy).

ion, though peak splittings and relative intensities can vary signifi-
cantly in some cases. Due to the various EnT steps that occur in
lanthanide luminescence (IC, ISC, etc.), there is usually a very large
difference between the absorption and emission maxima in these
complexes (the Stokes shift) (39,43). A larger Stokes shift reduces
overlap between absorbance and emission bands which minimizes
energy lost to reabsorption. Further, as the major transitions in
these complexes are electric dipole forbidden, the excited state
lifetimes tend to be very long, often micro- to milliseconds (21,44).
Though the property of long luminescence lifetime is not necessarily
unique, the fact that it occurs under ambient conditions is unusual.
Most organic species that exhibit phosphorescence only do so at low
temperatures and/or in the absence of oxygen (19).

Owing to these unique properties, lanthanides have several
advantages over traditional organic fluorophores, quantum dots,
or other fluorescent species commonly used as sensors. These
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advantages include better spectral resolution due to large Stokes
shifts and narrow emission lines and increased temporal resolu-
tion due to long lifetimes. The latter property allows for the use
of time-gated techniques and bandpass filters to reduce interfer-
ence from native or autofluorescence in the sample, which occurs
on the nanosecond timescale (21,43). Lanthanides also are more
resistant to photobleaching than organic dyes, as they are
effective quenchers of triplet states (45). These qualities
make lanthanides particularly attractive for optical detection
applications, although ways must be found to improve sensitivity,
stability, and selectivity. In our work, we have constructed stable
and selective luminescence lanthanide sensors containing recep-
tor ancillary ligands designed to detect target analytes of interest.

C. LANTHANIDE RECEPTORS

A number of factors must be considered when designing lantha-
nide-based receptors. The choice of lanthanide is paramount. Ionic
radius varies across the lanthanide series, and the size of this
cation can influence the relative binding affinity of the target ana-
lyte. The lanthanide excited state must also align correctly with
the triplet excited state of the target analyte; if the energy differ-
ence is too great, the EnT efficiency will be low, but if it is too
small, quenching effects such as back transfer will dominate.
The emission properties of the lanthanide, such as luminescence
lifetime and quantum yield, must also be considered to produce
an adequate signal. Of all the lanthanides, Eu®", Tb®", and
Gd®" are the best ions in terms of efficient excited state popula-
tion, with energy gaps of 12,300 cm™ (°Dy— "Fg), 14,800 cm™
(°D,— "Fy), and 32,200 cm™ (®Pye—5S;), respectively (12).
While europium and terbium both emit in the visible region,
gadolinium emits in the ultraviolet, disfavoring its use in lumines-
cence-based sensing applications due to significant absorption and
emission interference at these high-energy wavelengths. (The
exactly half-filled f-shell of Gd*" makes this lanthanide better
suited to magnetic resonance-based sensing technologies, a rich
and broad field beyond the scope of this review.) Dy>" and Sm3*
also emit in the visible region, though their emission intensities
are muted due to multiple nonradiative decay pathways from
several energy-accepting excited states (39,46). We therefore focus
on terbium and europium as the primary lanthanides used in
sensitized luminescence assays, with dysprosium and samarium
employed where necessary to elucidate trends based on variations
in ionic radii.
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Almost as important as the choice of lanthanide is the choice of
ancillary ligand, which transforms the lanthanide into a recep-
tor. This helper ligand must bind to the lanthanide with high
affinity to prevent solvent coordination, which can severely
quench luminescence via nonradiative decay pathways. However,
the ligand must not interfere with binding of the target analyte,
or the lanthanide loses all functionality as a sensor. Thus, the
denticity and stability of the receptor ligand, as well as the
size and geometry of the binding pocket it generates, are key
factors. Further, as most coordination to lanthanides is based
on electrostatic interactions, the charge of the ancillary
ligand—and ultimately the entire receptor complex—should
influence the binding affinity of the analyte. We will show that
there are exceptions to this “rule,” as other factors can affect
analyte binding in very significant ways.

The goal of our program is to build receptors with lanthanide ions
containing ancillary ligands that confer stability, solubility, and high
analyte specificity for target molecules. Binding of an aromatic
analyte to such a binary complex should trigger intense lumines-
cence upon UV excitation due to an AETE mechanism, producing a
signal that is orders of magnitude greater in intensity than emission
of the lanthanide alone. We have investigated various binary
complexes containing a luminescent lanthanide (Sm**, Eu®", Th®",
and Dy®*") and a helper ligand to optimize detection of a particular
analyte of interest. These investigations, which involved analysis of
structure, photophysics, stability, and resistance to interferents,
turned up some interesting results that forced us to question several
basic assumptions regarding lanthanide—ligand interactions.

The common properties attributed to helper ligands in improv-
ing lanthanide-based detection techniques include enhanced
stability, sensitivity, and selectivity. We will start with the
effects of ancillary ligands on lanthanide photophysics and then
explore the impacts of these ligands on sensor properties (Section
II). Other factors influencing stability, such as sterics and
oxophilicity, will be summarized in Section III. A brief discussion
of future applications will follow (Section IV).

Il. Effects of Ancillary Ligands
A. PHOTOPHYSICS
Ancillary ligands were first applied in lanthanide chemistry

due to their ability to encapsulate the metal ion and protect it
from solvent (47,48). The greatest vulnerability of sensitized
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lanthanide luminescence lies in nonradiative deactivation or
relaxation due to solvent interactions, which can reduce emission
intensity significantly through energy dissipation by vibronic
modes (24,49). Typically, this occurs by harmonic oscillators in
the lanthanide coordination sphere, though outer-sphere
quenching has also been observed (39). The most common and
efficient quencher of lanthanide luminescence is the O—H
oscillator (50). To reduce or eliminate this pathway for
nonradiative decay, the lanthanide ion must be effectively
shielded from the solvent. This can be accomplished using
various chelating ligands containing hard donors that bind to
the lanthanide ion with high affinity and contain a cavity to
encapsulate the ion and prevent solvent coordination. The first
“insulating sheath” for lanthanide ions was developed by
Halverson in 1964 using fluorinated 1-diketonates (48). Since
then many ligands have been identified for this purpose,
including cyclodextrins, cryptands, podands, calixarenes,
porphyrins, crown ethers, and aza-crown macrocyclic and bicylic
ligands (12,13,51-55).

A well-studied example of improved photophysics due to a helper
ligand can be seen in the detection of dipicolinate, an indicator of
bacterial spores. Bacterial spores, also known as endospores, are
dormant microbial structures that exhibit remarkable resistance
to chemical and physical environmental stresses and are consid-
ered to be one of the most robust forms of life on Earth (56). Discov-
ered in 1876, endospores are formed inside the vegetative cells of
certain species of Bacillus, Clostridium, and Sporosarcina
(hence the “endo” prefix) in a process called sporulation (57-60).
Sporulation is often triggered when the cells are exposed to
adverse environmental conditions, such as desiccation or starva-
tion. Endospores can remain dormant with no detectable metabo-
lism for potentially millions of years (61-64). When conditions
become favorable again, as indicated by the presence of water,
nutrients, or specific germinants, endospores undergo germina-
tion and outgrowth to become vegetative cells, completing the
cycle (65,66).

In the dormant spore state, endospores are resistant to a wide
variety of chemical and physical stresses such as UV and gamma
radiation, desiccation, temperature and pressure extremes, and
attack by toxic agents (67-70). As they are resilient to most
sterilization procedures, bacterial spores are used in several
industries as biological indicators (71,72). Certain species can
even survive the vacuum, extreme temperatures, and radiation
of space (73,74), making them the focus of research concerning
planetary protection, panspermia (transfer of life from one
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planetary body to another via meteoritic impacts), and life
in extreme environments (75,76). In addition, detection of bacte-
rial spores became a national priority after the anthrax attacks
of 2001, as Bacillus anthracis spore powders are the
vectors of the anthrax bioweapon (77-80). Certain species of
anaerobic endospores, such as Clostridium botulinum and
Clostridium perfringens, are pathogenic and the causative
agents of food poisoning and other serious diseases (81).

Owing to its applications in homeland security, sterilization
validation, and astrobiology, bacterial spore detection has
become a hot field. However, direct detection of bacterial spores
can be challenging for the same reasons that make endospores
difficult to irradicate. The tough spore coat is impermeable to
staining techniques, so most microscopy and flow cytometry
methods are not useful. Endospores are also highly resistant to
lysis, meaning that common DNA extraction protocols are
difficult to perform. The lack of measurable metabolism renders
microcalorimetry and cellular respiration techniques ineffective.

Bacterial spores contain a unique chemical marker—
dipicolinic acid, or DPA. DPA is present in nearly all bacterial
spores and comprlses about 10-15% of a spore's dry weight, or
approximately 10® molecules per spore (82-84). Detection of this
chemical marker can therefore serve as a positive signal for the
presence of bacterial spores, and the amount of DPA detected
can be used to estimate the approximate endospore concentration
(81,85).

The application of lanthanides to bacterial spore detection was
proposed in 1997 with a method using terbium to detect
dipicolinate with fluorescence spectrophotometry (86). Addition
of terbium chloride to a susgpensmn of lysed endospores causes
the formation of [Tb(DPA) ] complexes where n varies from
1 to 3, as the Tb3" dlsplaces the Ca®" of calcium dipicolinate
(CaDPA) Dipicolinate is an effective absorber of ultraviolet
radiation due to the delocalized m-electrons of the aromatic
pyridine (Pyr) rmg, and the triplet excited state of the DPA anion
(26,600 cm™) is also in the appropriate reg1me to effectively
sensitize the Tb®" cation via EnT to the °D, emitting level of
the terbium (20,500 cm™) through an AETE mechanism
(87-89). The end result is intense luminescence under UV
excitation that is more than three orders of magnitude greater
than that of the terbium ion alone (Fig. 5) (81,90,91).

Although the method is rapid and straightforward, the use of
free terbium as a sensing tool has several weaknesses, such as
the potential for false positives or false negatives through com-
plexation of anionic interferents to the exposed tripositive cation.
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Energy tranfer

[Tb(DPA)* complex

Fic. 5. The method of bacterial spore detection using terbium.
Dipicolinic acid (DPA) is released from endospores via lysis or germina-
tion and binds to Tb®" with high affinity. The resulting [Th(DPA)]™
complex exhibits intense luminescence in the visible region (544 nm)
under UV excitation (278 nm) that is much greater than Th®>" alone.

Another concern is that, for a 9-coordinate lanthanide ion in
aqueous solution bound to a single tridentate DPA ligand, the
six coordinated water molecules will strongly quench the
luminescence (92). To eliminate the potential for solvent
quenching and improve the sensitivity of the assay, we explored
the use of a hexadentate ancillary ligand to encapsulate the Th>"
ion and exclude solvent from the coordination sphere without
impeding dipicolinate chelation.

We selected the macrocyclic ligand 1,4,7,10-
tetraazacyclododecane-1,7-bisacetate (DO2A) as our helper
ligand, as this chelator meets our initial criteria for designing
a terbium-containing dipicolinate receptor site. Macrocyclic lig-
ands often have semirigid backbone ring structures. These lig-
ands vary in terms of ring diameter and the extent of
substituent functionalization on the ring scaffold. Most
macrocycles have a hydrophilic cavity in which an ionic substrate
such as a metalion can nest and be shielded from the environ-
ment by its lipophilic envelope (3,93). Ligands such as the
octadentate DOTA (1,4,7,10-tetrakiscarboxymethyl-1,4,7,10-
tetraazacyclododecane) have found a convenient niche in the field
of bioimaging as magnetic resonance contrast agents due to their
tendency to bind gadolinium with high affinity (94,95). In
fact, most macrocyclic ligands seem to exhibit an unprecedented
selectivity for lanthanide ions, and the dissociation of these
lanthanide—macrocycle complexes appears to be independent of
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foreign metal ion concentration (96). Most Ln®*—macrocycles are
highly water soluble, thermodynamically stable, kinetically inert
at physiological pH, cell permeable, and nontoxic, making them
ideal for use as in vivo bioprobes. The facile derivatization of lig-
ands bound to lanthanides also makes them easily tailored to bind
specific biomolecules such as antigens and proteins.

As described previously, nonradiative decay due to solvent
interactions can severely reduce lanthanide luminescence
through energy dissipation by vibronic modes, with the O—H
oscillator being the most common and efficient quencher.
However, if these O—H oscillators are replaced with lower-
frequency O—D oscillators, the efficiency of vibronic deactivation
decreases substantially. Therefore, the rate constants for
luminescence lifetimes (t,0) of lanthanide excited states in water
or alcoholic solvents are often much shorter than those in analo-
gous deuterated solvents (tp,o). This property can be utilized to
determine the degree of solvation for luminescent lanthanides.

The hydration number, or the number of bound water molecules
in the lanthanide coordination sphere, can be calculated using a
method introduced by Horrocks and Sudnick for terbium and
europium complexes (50). The relationship between Tb or Eu
excited state lifetimes (z), which are experimentally determined
in H,O and D50, and the hydration number (g) is given in Eq. (1)

q:ALn( L 1) 1)

TH,0 TD,0

All lifetimes are in milliseconds, and the A;, constant is a
proportionality factor specific to a given lanthanide that takes
into account the energy gap between the ground and excited
state manifolds. This equation was later modified by Parker to
include quenching effects from coordinated N—H oscillators
(Eq. 2), where x is the number of N—H oscillators) and outer-
sphere water molecules (97).

( 11 )—0.25—0.075x]
TH,0 TD,0

(2)
( LI )—0.06]
TH,0 TD,0

The effect of the DO2A ligand, which contains two N—H
oscillators, results in a proportionality factor of 4.6 0.5 ms when
coordinated to Th?", assuming slow exchange with DO (98).

un = AEu

q™ = Amn,
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TABLE I

LUMINESCENCE LIFETIME MEASUREMENTS ON VARIOUS TERBIUM COMPLEXES (100).

Complex Tg,0 (MS) p,0 (ms) q

[Th(H,0)e]>* 0.4 3.4 8.8+1.1
[Th(DPA)(H;0)g] * 0.6 3.5 5.64+0.7
[Tb(DO2A)H;0)5] " 1.1 2.6 2.44+0.3
[Tb(DO2A)DPA)I- 1.9 2.2 0.34+0.0

Luminescence lifetime measurements were performed, and
the decay curves fit to a monoexponential model to obtain the
lifetime of each terbium complex in HyO and DsO. The
calculated hydration numbers verify that [Tb(DO2A)DPA)|™
excludes all water from the lanthanide coordination sphere,
eliminating solvent-quenching effects (Table I) (99). Further,
encapsulation of the lanthanide also causes a marked improve-
ment in emission lifetime, from 600 us to nearly 2 ms. This
allows for application of time-gated detection techniques,
reducing short-lived background fluorescence considerably
in environmental samples and demonstrating a significant
advantage in achievable limits of detection.

Another example of improved sensitivity due to modulation of
lanthanide photophysics by ancillary ligands can be found in the
europium and terbium chelates wused in time-resolved
fluorescence resonance energy transfer (TR-FRET) immunoassays
(100,101). Due to their line-type emissions and long decay times,
the lanthanide chelate is used as a donor, with some visible-absorb-
ing dye such as Alexa® 647 or a rhodamine derivative as the accep-
tor. Without the helper ligand, the lanthanides would be
unprotected from solvent and have much shorter decay times,
making them unsuitable for such an assay.

Ancillary ligands improve the photophysical properties of lumi-
nescent lanthanide-based assays by encapsulating the cation and
protecting it from solvent-quenching effects. In addition to
improving signal intensity, the helper ligand also improves the
lifetime of the emitting lanthanide. But enhancement of lantha-
nide photophysics is only one of several improvements observed
with use of such receptor ligands.

B. SrtaBiLiTy

Ancillary ligands have been used in lanthanide-based sensors
to improve signal intensity by making the lanthanide more
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resistant to solvent-quenching effects. It had not been anti-
cipated that the ancillary ligand also could have a more direct
effect—increasing the attraction between lanthanide and
analyte.

While investigating the effects of ancillary ligands on the
binding of dipicolinate, we developed a binding affinity by
competition (BAC) assay to quantify the binding constant of
analyte to lanthanide complex (Eq. 3) (102).

Ln(DO2A)" + DPAZ’Kﬁ/aLn(DOZA)(DPA)’
[Ln(DO2A)(DPA) ], (3)

[Ln(DO2A) "] [DPA* ],

/
a

This value (K’,) cannot be measured directly, so we performed a
competition experiment to obtain a competition equilibrium
constant (K_), as shown in Eq. (4).

Ln(DO2A)(DPA)~ + Lo =Ln(DO2A)" + Ln(DPA)*
[Ln(DO2A)*],,[Ln(DPA)*],, (4)

[Ln(DO2A)(DPA) ], [Ln’"]

eq

This competition equilibrium constant is inversely proportional
to the association constant K', (Eq. 5):
K

K. = K—Z (5)

where K, is the association constant of the lanthanide aquo ion
with dipicolinate. Using this technique, we were able to compare
the dipicolinate binding affinity for the lanthanide alone with that
of the lanthanide complex under virtually identical conditions.
This assay revealed an enhancement in dipicolinate binding
affinity by about an order of magnitude for [Ln(DO2A)]" as com-
pared to the Ln®>" aquoion (Fig. 6) (92). Interestingly, this increase
in binding affinity is contrary to gredictions based purely on
electrostatics. The dianionic DPA*" analyte should be more
strongly attracted to tripositive Ln®" than the less-electropositive
[Ln(DO2A)]" complex. The DO2A helper ligand affords an
enhancement in DPA affinity that more than counteracts the
reduction in positive charge, as dipicolinate binding increases
10-fold.
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Fic. 6. Plot of association constants for Ln®" and [Ln(DO2A)]" to
DPA? against lanthanide ionic radius, 0.2 M NaOAc, pH 7.5. The addi-
tion of DO2A enhances dipicolinate binding affinity by an order of
magnitude for most lanthanides investigated and by nearly two orders
of magnitude for terbium (light gray).

Evidence for this “enhanced receptor effect” can be found for var-
ious other lanthanide/ligand/analyte systems by comparing
reported binding affinities with and without a helper ligand under
similar conditions (Table II) (103-107). In each case, employing an
ancillary ligand improves binding affinity of the oxyanion analyte
(picolinate, acetate, and lactate) by roughly an order of magnitude,
regardless of the type (cyclic or linear), denticity, or charge of the
helper ligand. We attribute this enhancement to a shift in electron
density of the lanthanide upon receptor ligand -chelation,
generating a binding site with greater positive character due to
the electron-withdrawing oxygen and nitrogen moieties of the
helper ligand. Though the net charge of the complex may have
decreased, the local charge in the binding site may be even greater
than the Ln®" aquo case, where the nine solvent molecules are
evenly distributed about the lanthanide coordination sphere and
the electron density is uniform.

Such a proposal is further supported by another interesting
trend in the dipicolinate system: the degree of ligand enhance-
ment is lanthanide dependent. We found a discrepancy in
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TABLE II

ENuANCED RECEPTOR EFFECT IN VARIOUS LANTHANIDE/ANALYTE SYSTEMS.

Ligand Analyte Alog K References
DO2AZ" Dipicolinate 0.8-1.8 92)
EDTAZ Picolinate 0.2-1.5% (103,104)
L, Lactate 0.8-1.5° (105,106)
Lo Acetate 0.1-1.4° (106,107)

L;=(SSS)-1,4,7-tris[1-(1-phenyl)ethylcarbamoylmethyl]-1,4,7,10-tetraazacyclododecane,
Ly=(SSS)-1,4,7-tris[1-(1-phenyl)ethylcarbamoylmethyl]-10-methyl-1,4,7,10-
tetraazacyclododecane.
Change in the analyte binding affinity (A log K=1log K',—log K,) due to the ligand in
comparison to the lanthanide alone.

“log K,: 0.1 M KNO3, 25 °C; log K',: 0.5 M NaClOy, 25 °C.

blog K,: 0.1 M NaClOy, 20 °C; log K',: 0.1 M collidine/HCl, 21.8 °C, pH 7 .4.

‘log K,: 0.1 M NaClQy, 20 °C; log K',: 0.1 M collidine/HC]1, 21.8 °C, pH 7.4.

binding affinity that does not track with lanthanide ionic radius,
with the greatest difference between terbium and europium. This
phenomenon, known as the “gadolinium break,” has been
reported in various studies of stability constants across the
lanthanide series, such as those with acetate and anthranilate
(108) as well as in investigations of hydration enthalpy and
enzyme inhibition properties (109,110).

The interesting aspect of the gadolinium break observed in our
dipicolinate binding experiments is that it appears to be induced
by binding of the ancillary ligand. The dipicolinate affinity for
the Ln®" aquo ions exhibits little variation, but analogous [Ln
(DO2A)]" complexes show an obvious divide between those to
the left of gadolinium (Sm, Eu) and those to the right (Tb, Dy).
Another study concerning lanthanide-macrocycle binary
complexes also noted a similar trend, in this case using chiral
heptadentate 1,4,7,10-tetraazacyclododecane-1,4,7-trisacetate
(DO3A) derivatives. The authors noted an increase in the bind-
ing affinity of the terbium complex for certain oxyanions (acetate,
bicarbonate, and phosphate) in comparison to the analogous
europium complex by about the same margin as observed for
dipicolinate (Table III). As with our system, lifetime
measurements of these complexes indicated no differences in
hydration state that might explain the discrepancy, such as a
decrease from nine coordinated waters about the larger Eu®"
ion to eight around Tb®". The authors instead attribute the affin-
ity trend to a divergence of pK, for the two complexes. If the pK,
of the europium complex were lower than that of the terbium
complex, the presence of a population of hydroxylated
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TABLE III

BinpiNG AFFINITIES FOR VARIOUS TB AND EU CoMPLEXES FOR OxyaNIONS, PH 7.4-7.5,
295-298 K, SHOWING THE DIFFERENCE BETWEEN THE TB AND EU SpEcCIES, A(LN).

Ligand Analyte log K* A(Ln)
Th Eu

DO2A DPA 9.25 8.39 0.86

L, HCO5™ 3.8 2.6 1.2
CH3CO5 2.3 <1.0 >1.3
HPO,> >4.7 4.15 >0.55

Lo HCO5™ >4.7 3.75 >0.95
CH5CO5 3.5 2.4 1.1
HPO,Z >4.7 >4.7 Unknown

L, =(SSS)-1,4,7-tris[1-(1-phenyl)ethylcarbamoylmethyl]-1,4,7,10-tetraazacyclododecane,
Ly =(SS8)-1,4,7-tris[1-(1-phenyl)ethylcarbamoylmethyl]-10-methyl-1,4,7,10-
tetraazacyclododecane.

*DPA values from Ref. (92), all others from Ref. (106) with errors+0.2.

species in the former case would reduce the overall binding affin-
ity due to a decrease in electrostatic attraction to the dipositive
complex. Differences in pK, values for Eu and Gd macrocyclic
complexes with DOTA derivatives have been noted in the litera-
ture, though it is not clear if this trend includes Th, or if these
macrocyclic ligands can be compared directly. We have found
no evidence for such a hydroxylated species in our pH depen-
dence studies, as there is no change in stability of [Eu(DO2A)
(DPA)]™ compared to [Tb(DO2A)DPA)]~ at lower pH. With this
model ruled outé we return to the previous discussion of per-
turbations of Ln®" electron density as a possible way to explain
both the gadolinium break and the improved binding affinity.
The ability of a chelating ligand to perturb the electron density
of an Ln®" cation is dependent on (1) the number and arrange-
ment of electron-withdrawing groups in the ligand and (2) the
susceptibility of the lanthanide to polarization. The former prop-
erty can be tuned by judicial choice of ligand; the latter is defined
by how easily the electron density of the lanthanide can be exter-
nally influenced, one measure of which is ionization energy.
A lanthanide with a low Ln®" — Ln** ionization energy requires
less energy to remove an electron and is arguably more suscepti-
ble to perturbation by chelating species than a lanthanide with
high ionization energy. As shown in Fig. 7, the observed trend
in dipicolinate binding affinity is mirrored quite closely by the
lanthanide ionization energy. The Th®" ion has the lowest ioniza-
tion energy of all the lanthanides investigated, due primarily to
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Fic. 7 Relationship between [Ln(DO2A)]* dipicolinate binding affin-
ity and Ln®*" —Ln*" ionization energy with lanthanide ionic radius.
The [Tb(DO2A)]* complex has the greatest affinity for DPA?~ because
the low ionization energy of the Th®" ion makes it the most susceptible
to perturbation by the DO2A ligand, shifting the electron density of the
lanthanide and thereby generating the most positive binding site for
the DPA?" analyte. Ionization energies from Ref. (5).

the fact that the Tb*" ion has an electronic configuration with an
exactly half-filled 4f-shell (5). As a result, this lanthanide is par-
ticularly vulnerable to perturbation by an electronegative chelat-
ing ligand because the Th®" ion has the lowest energy barrier to
losing an electron. Thus, the observed phenomenon of the ligand-
induced gadolinium break is simply a manifestation of the half-
shell effect, where the lanthanides with the lowest ionization
energies are the most significantly affected by electron density
perturbations from a chelating ancillary ligand.

We have discovered that ancillary ligands improve analyte bind-
ing affinity over the lanthanide alone. This enhanced receptor
effect occurs in a variety of systems and appears to be ubiquitous,
that is, independent of analyte or ancillary ligand denticity or
charge, analyte aromaticity, or the lanthanide employed. In every
case, an improvement in the binding affinity of the analyte occurs
on the order of 10-fold. We also have found that the degree of
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Fic. 8 Enhanced receptor effect on analyte binding affinity. Upon
chelation, the electronegative ancillary ligand causes a polarization of
the Ln®" ion, inducing an increased positive charge at the binding site.
This anisotropy results in an increased binding affinity for the anionic
analyte. Limit of detection (LOD) values shown are for the Th/DO2A/
dipicolinate system.

ligand-induced enhancement is lanthanide dependent and
is governed by the gadolinium break. We believe this property is
due to an induced anisotropy in the electron density of the lantha-
nide (Fig. 8). Our evidence is that the improvement in
binding affinity is directly related to the ionization energy of the lan-
thanide in question. The greatest effect is seen with terbium, as this
lanthanide has the lowest ionization energy because it has exactly
one more electron than a half-filled f-shell. Previous explanations
for this trend include theories based on a change in basicity of the
complex with the helper ligand bound, which our experiments do
not support. We conclude that ligand-induced anisotropy of lantha-
nide ion electron density is a plausible explanation for the observed
binding affinity variations.

C. SENSITIVITY

By enhancing the binding affinity between analyte and recep-
tor complex, the ancillary ligand confers additional stability to
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the resulting ternary complex. The stronger interaction between
analyte and receptor improves the limit of detection (LOD) of the
analyte and permits use of the sensor over a much wider pH and
concentration range, making the detection technique more sensi-
tive and robust.

In terms of pH, an example of enhancement due to helper ligands
can be seen in our initial work on detection of catecholamines (CAs).
These “fight-or-flight” hormones, which are part of the sympathetic
nervous system, are released by the adrenal glands in response to
stress (111). CAs produced from the amino acids phenylalanine
and tyrosine contain the 1,2-dihydroxybenzene (catechol, Cat) group
and either a primary or secondary amine group. CAs are water
soluble and circulate in the bloodstream with a half-life of approxi-
mately 3 min (712). Overstimulation and/or damage of brainstem
nuclei can lead to CA toxicity. CA toxicity can also be caused by
pheochromocytoma, neuroendocrine tumors in the adrenal medulla,
and carcinoid syndrome (carcinoid tumors in the gastrointestinal
tract and/or lungs), as well as by a deficiency in monoamine oxidase
A, which is normally responsible for the degradation of CAs. High
levels of CAs have been associated with various functional
and degenerative cardiovascular disorders, such as angina pectoris,
arterial hypertension, and atherogenesis (113). Decreased dopa-
mine (DA) levels have been linked to Parkinson's disease and atten-
tion deficit hyperactivity disorder (ADHD), while elevated levels can
cause mood swings, psychosis, and other neurotic disorders
(114-116). Increased levels of epinephrine (Epi) (when properly
administered) can help the body reduce negative allergenic
responses and regenerate lost liver cell functions (117,118). For all
these reasons, rapid detection of CAs in blood and urine can provide
vital information that might aid in more efficient diagnosis as well
as more effective treatment of various disease states.

Current methods of detection for CAs in biological fluids
(urine, plasma, and serum) involve chromatographic separation
coupled to either electrochemical (119,120) or optical (121) tec-
hniques. However, most optical methods rely purely on the native
fluorescence of CAs (lgx~ 280 nm, Aem ~ 310 nm) (122), which have
small Stokes shifts and suffer from signal losses due to reabsorp-
tion; others involve pre- or postcolumn derivatization with various
fluorophores, such as naphthalene-2,3-dicarboxaldehyde (123),
1,2-diphenylethylenediamine (124,125), or fluorescamine (126).
These methods all require significant time for separation using
expensive instrumentation and thus are not feasible for rapid
CA detection.

We have investigated the potential of lanthanide complexes for
the detection of CAs, specifically DA, Epi, and norepinephrine
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(NE). The triplet energy levels of CAs (23,800-24,000 cm ™) (122)
lie in the a;propriate range for efficient EnT to the °D, ener
level of Th®" (20,500 cm™) (89). CAs coordinate to Cu®", Co“",
Ni?*, Mn?*, and Zn?" via the two phenolic hydroxyl groups
(127,128). CAs have also been reported to complex Al®* with
submicromolar affinity, though citrate and adenosine triphos-
phate (ATP) can interfere (129). When bound to Y*, Ca®*", or
La®", a CA still coordinates through the two phenolic groups at
neutral pH, but one of the two groups remains protonated
(130-132). Therefore, to bind to lanthanides in a bidentate fash-
ion with high affinity to allow for efficient EnT, both of these phe-
nol groups must be deprotonated (133-135), which requires
strongly basic conditions (Table IV) where lanthanides rapidly
precipitate as hydroxide salts.

Ancillary ligands such as ethylenediaminetetraacetic acid
(EDTA), which bind to lanthanides with high affinities, are able
to arrest lanthanide precipitation by preventing hydroxide from
coordinating, and previous work using [Tb(EDTA)]™ following cap-
illary electrophoresis has demonstrated that detection limits on
the order of 0.1 uM for CAs (DA, NE, Epi, and others) can be
achieved (136). However, no CA complexes with Ln3*—macrocycles
have been reported in the literature, despite the fact that these
macrocyclic platforms bind lanthanides with even greater
affinities than their linear analogues (Table V) (96,137,138). We
sought to compare acyclic (linear) to cyclic ancillary ligands and
determine the optimal lanthanide-ligand combination to attain
better limits of detection for these biologically relevant analytes.

Four ancillary ligands were investigated: three cyclic (DO2A,
DO3A, and DOTA) and one acyclic (EDTA), with denticities rang-
ing from hexa- to octadentate (Fig. 9). Assuming chelation via the
two hydroxyl moieties, CAs should bind in a bidentate fashion,
leaving seven coordination sites remaining on the lanthanide
for the helper ligand. We therefore assume that [Th(DOTA)]™

TABLE IV

ProTONATION CONSTANTS FOR CATECHOL AND VARIOUS CATECHOLAMINES.

Analyte pKa1 PKao PKas References
Cat 9.48 12.08 - (133)
Epi 8.64 9.84 13.1 (134)
NE 8.58 9.53 12.9 (134)
DA 8.89 10.41 13.1 (135)

Cat, catechol; Epi, epinephrine; NE, norepinephrine; DA, dopamine.
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TABLE V
StaABILITY CONSTANTS FOR TB2" AND GD®' WITH VARIOUS LINEAR AND MACROCYCLIC
LicanDs.
Type Ligand Coord. no. log Ky, log Kgq References
Linear EDTA 6 17.92 17.35 (137)
DTPA 8 22.71 22.46 (137)
Cyclic DO2A 6 - 19.42 (138)
DO3A 7 - 21.0 (96)
DOTA 8 24.8 24.6 (96,138)
o] (0]
o-
[e) O~
o- —\
N HN
N
N/\/ [ j
NH N
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Fic. 9 Linear (EDTA) and cyclic (DO2A, DO3A, and DOTA) ligands
utilized for determining binding stoichiometries. EDTA and DO2A are
hexadentate, DO3A is heptadentate, and DOTA is octadentate.

should exclude the CA analyte and act as a negative control,
while the other three should form Tb(ligand)(CA) ternary
complexes, depending on the steric constraints imposed by the
receptor ligand on the size and shape of the binding pocket.
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Fic. 10 Excitation spectra (1, =544 nm) of various Tb(ligand)(CA)
complexes in 50 mM CAPS buffer, pH 13.5. 10 uM CA, 1.0 mM Tb
(ligand) complex. Clockwise from upper left: catechol (Cat), dopamine
(DA), norepinephrine (NE), and epinephrine (Epi).

We explored three common CAs—DA, Epi, and NE—along with
Cat as a control species. Excitation spectra of the Th(ligand) (CA)
complexes exhibit one band near 255 nm and another centered
around 290-295 nm (F'ig. 10). The former is assigned as the singlet
n—n* transition L, (in the notation of Platt (139)) of the Cat
dianion (256 nm) (140), while the latter is consistent with the L
transition of the Cat dianion, which is blue shifted from 308 to
290 nm when bound to a metal ion (141). As expected, the Th>"
complex with DOTA disfavored coordination by the analyte (all
four CAs were investigated), as evidenced by the absence of a band
at 290 nm and negligible emission intensity. Interestingly, the
Tb?" complex with heptadentate DO3A, which should have suffi-
cient space in its inner sphere for a bidentate chelate such as a
CA, behaved similarly to [Tb(DOTA)I". Notably, the two
hexadentate ligands, DO2A and EDTA, formed luminescent Th>"
ternary complexes with all three CAs and Cat. The emission spec-
tral profiles for the Th(DO2A)(CA) complexes are all very similar,



26 MORGAN L. CABLE et al.

as are the splittings in all four To(EDTA)(CA) emission spectra. As
Stark splittings of the emission bands report on the composition
and geometry of the lanthanide coordination sphere, the data sug-
gest that these CAs all bind to Th®" in the same fashion for a given
Tb(ligand) binary complex. The excitation spectra indicate that the
Cat moiety of each analyte is dianionic, and therefore bidentate
coordination via deprotonated hydroxyl moieties is very likely. In
all cases, the intensity was greater for DO2A complexes than those
containing EDTA. We therefore conclude that, although both ancil-
lary ligands are capable of forming ternary complexes with CAs,
[Th(DO2A)] " is the more effective sensor.

The stability provided by the receptor ligand is integral to the
success of this assay. CAs can only bind strongly to cations when
fully deprotonated, which means working at high pH, and
lanthanides only remain soluble at high pH with the aid of a
helper ligand. The use of the ancillary ligand allows these two
components—the analyte and the lanthanide—to exist under the
same conditions, making this otherwise unwieldy assay sensitive,
rapid, and straightforward.

Similar effects are seen with the inclusion of the DO2A helper
ligand in the previously described dipicolinate system. A pH
dependence study conducted over a range from 6.1 to 10.4
indicates that with the DO2A ligand bound, the lanthanide does
not precipitate and the [Ln(DO2A)(DPA)]” complex is stable over
the entire pH range for all lanthanides studied (92). In contrast,
the Ln(DPA)" complexes form Ln(DPA);>~ at high pH, indicating
precipitation of some of the lanthanide as Ln(OH)s. This further
validates the stabilizing effect of the DO2A ancillary ligand,
allowing the bacterial spore detection assay to be performed over
a much wider range of conditions.

These pH dependence studies have also demonstrated an
important point in terms of using lanthanide ions and complexes
as sensors. In every dipicolinate system, the luminescence inten-
sity of the Ln(DPA)" complex varied significantly with pH, due
largely to the precipitation of Ln(OH); and the resulting forma-
tion of more strongly luminescent Ln(DPA), species, where
n=2 or 3. There was no longer a direct correlation between lumi-
nescence intensity and dipicolinate concentration, and the num-
ber of bacterial spores could not be quantified. Such intensity
variations are undoubtedly a problem with other analyte sys-
tems as well, as any bi- or tridentate analyte can form
multimeric Ln®" complexes. With the receptor ligand, fortu-
nately, the change in luminescence intensity with pH is no more
than 5% for dipicolinate, and therefore the bacterial spore con-
centration can be determined directly from emission intensity.
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Ancillary ligands can dramatically improve detection
strategies based on sensitized Ln®" luminescence by stabilizing
the lanthanide to pH variations. Such enhancements in stability
and reproducibility allow the use of lanthanide sensors in situ
and also potentially in vivo, where free lanthanide ions might
precipitate and/or have toxic effects.

D. SEeLEcTIVITY

Ancillary ligands also impart selectivity to lanthanide-based
detection strategies, improving resistance to common environ-
mental interferents. For lanthanides, which rely on ionic
interactions for analyte binding, the greatest threat is from
charged species. Anions, particularly those containing oxygen
donors or otherwise have the ability to complex metal ions, could
compete with the target analyte for the lanthanide and produce a
false negative result. If these anionic interferents are aromatic
and capable of transferring energy to the lanthanide, we might
also encounter false positives. By encapsulating the lanthanide
and limiting the surface area exposed to solvent, the receptor
ligand can reduce these undesired interactions and improve ana-
Iyte detection limits.

A good example of a lanthanide-based detection system made
more robust by the inclusion of an ancillary ligand is that of
the aspirin metabolite salicylurate (SU). Acetylsalicylic acid
(ASA), commonly known as aspirin, is used widely as an anti-
inflammatory agent, an analgesic to relieve minor aches and
pains, and an antipyretic to reduce fever (142). Aspirin is also
the primary medication used to treat chronic rheumatic fever,
rheumatoid arthritis, and osteoarthritis (143). Further, recent
studies have shown the antithrombotic benefits of an aspirin reg-
imen in stroke prevention (144,145). In the body, ASA is
hydrolyzed to salicylic acid (SA) by carboxylesterases in the gut
walls and liver, with an elimination half-life of 1520 min (146).
SA is then converted primarily to salicyluric acid (SU) and other
metabolites, which are excreted in urine (147,148). The elimina-
tion rate constant for SU is much greater than SA (149), and
endogenous SU formation only occurs in a limited manner
(150,151). We can therefore use SU detected in urine as an indi-
cator of SA in vivo, and thus we have a noninvasive means of
monitoring aspirin dosage and residence in the body. In addition,
unusually high or low concentrations of SU in urine have been
correlated to a variety of diseases and conditions, such as appen-
dicitis, anemia, abdominal trauma, liver diseases, uremia, and
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Down's syndrome (152). Hence, detection of SU in urine is a
very good way to monitor aspirin dosage as well as provide
evidence that could assist in the diagnosis of certain medical
conditions.

SU has been shown to bind metal cations such as Cu®" (153),
Co3* (154), VO** (155), and (CH3)5Sn?" (156). In such complexes,
SU is either bidentate or tridentate, coordinating through ligand
carbonyl, carboxyl, and phenolate oxygens. As hard ions,
lanthanides form strong chelates with oxygen-containing lig-
ands. We therefore explored various lanthanide binary
complexes in an effort to detect SU in urine using sensitized lan-
thanide luminescence. The most promising lanthanide-ligand
complex from our screens was [Tb(DO2A)]". Fluorescence from
excited state intramolecular proton transfer (ESIPT) was
observed for the [Tb(DO2A)(SU)]™ ternary complex; it is likely
that the SU ligand chelates in a bidentate fashion via the car-
bonyl and carboxyl groups and that the hydroxyl moiety is still
protonated (Fig. 11). Using [Tb(DO2A)]", we were able to detect
SU in urine samples from healthy volunteers with a detection
limit of 1.8 mg L.~ ! (157). For a first iteration receptor site, this
result already is competitive with current SU detection tec-
hniques based on HPLC and capillary electrophoresis. And,
importantly, the analysis can be done in a fraction of the time
required in most other methods.

We have seen similar improvements in the dipicolinate system
in terms of increased resistance to common cationic and anionic
interferents. The inclusion of DO2A improved Th-DPA binding
in the presence of a wide array of interfering ions, most up to
concentrations five orders of magnitude greater than that of
DPA (92). This indicates that [Tb(DO2A)]" is able to bind

] Tb.’h
HN omm——
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Fic. 11 Likely chelation mode of salicylurate (SU) to [Tb(DO2A)]*.
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dipicolinate selectively, even in the presence of similar oxygen-
donor ligands such as acetate, carbonate, and citrate. Phosphate,
in particular, has been shown to severely inhibit DPA binding
and/or decrease luminescence intensity; we have found that not
only does DO2A improve resistance to phosphate by several
orders of magnitude, but also it is far more effective than alumi-
num chloride, the current recommended technique for phosphate
mitigation (158,159).

Other examples of ancillary ligands used to enhance analyte
selectivity include amide-modified DO3A (1,4,7,10-
tetraazacyclododecane-1,4,7-trisacetate) complexed to Tb3",
which selectively binds the bidentate analytes
p-dimethylaminobenzoic acid (DMABA) and SA (160-162). The
binary complex of Tb®>" with EDTA can effectively detect SA,
4-aminosalicylic acid and 5-fluorosalicylic acid (163). [Tb(EDTA)]
also has been used to detect catalysis of hydroxybenzoic acid
(HBA) by hemin via formation of a ternary complex with the
HBA oxidation product (164). Diaza-crown ethers have been
utilized with Tb®" and Eu®" to detect phthalate, benzoate,
dibenzoylmethide, and picolinate (165). The future of these types
of sensors lies in the development of lanthanide receptor
complexes with greater analyte affinities, perhaps via stronger
host—guest interactions such as n-stacking or modification of
receptor site topology to generate a “lock and key” hydrophobic
pocket.

Ancillary ligands improve the selectivity of lanthanide-based
detection techniques by shielding the luminescent reporter from
solvent and interferents, thereby reducing the potential for false
positives or negatives. By improving selectivity in detection
technologies, these receptor ligands make such technologies
more robust and broaden the applications for which such
schemes may be used.

We have examined the attributes that helper ligands impart to
lanthanide-based detection by encapsulating the lanthanide ion
and shifting Ln®" ion polarization. Protecting the lanthanide
from the quenching effects of solvent molecules as well as
detrimental chelation of environmental interferents improves
both sensitivity and selectivity. Generation of a more electropos-
itive region on the lanthanide surface by an electronegative
ancillary ligand can enhance analyte binding affinity by an
order of magnitude or more. We next turn to recent findings
concerning steric considerations and oxophilicity that can further
optimize detection strategies based on sensitized lanthanide
luminescence.
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Ill. Additional Factors That Govern Complex Stability

A. Srteric EFFECTS

Initially, ancillary ligands were envisioned as a way to impart
steric selectivity for a particular analyte of interest. By leaving
only two adjacent coordination sites available on the lanthanide,
for instance, it could be assumed that only bidentate ligands
would bind to the metal center and that tri- or tetradentate lig-
ands would be excluded from the lanthanide coordination sphere.
This design could be further extended by modification of the
ancillary ligand to generate a highly specific receptor site, with
hydrophobic or hydrophilic regions that would be complementary
only to the target analyte.

Our initial work with the dipicolinate system supports this
hypothesis. We found that a helper ligand leaving three linear
adjacent coordination sites on the terbium ion allowed for opti-
mal dipicolinate binding, while a ligand leaving three coordina-
tion sites in a triangular motif resulted in poor binding
(Fig. 12). This is consistent with dipicolinate chelation involving
oxygen donors from the two carboxyl units and the Pyr nitrogen
in a linear arrangement.

However, our work on various other systems has led us to reas-
sess our receptor designs. We have found that, in some cases, a
bidentate analyte will chelate more strongly to a lanthanide with
a hexadentate helper ligand (i.e., leaving three remaining coordi-
nation sites as opposed to two). Cat, the three CAs, and SU, all
bidentate analytes, bind more strongly to terbium complexes
involving a hexadentate ancillary ligand (DO2A and EDTA) as
opposed to a heptadentate one (DO3A). We also have discovered
that a cyclic helper ligand is preferred in some cases, while a lin-
ear (acyclic) ligand produces better results in others. A ligand
screen involving SA clearly indicated a greater binding affinity
for EDTA than cyclic DO2A (Fig. 13), and Job's method of contin-
uous variations (166) confirms a one-to-one binding stoichiome-
try of SA®>~ to Th(EDTA)* (Fig. 14). Further study, including
molecular modeling, may be necessary to elucidate the mecha-
nism that gives rise to such chelation preferences.

We conclude that the simple explanation based only on steric
interactions in the lanthanide coordination sphere is not suffi-
cient, and that there are more complex forces at work. We there-
fore recommend that ligand screens be performed to determine
the optimal ancillary ligand for a given target analyte when
designing lanthanide-based sensors.



LUMINESCENT LANTHANIDE SENSORS 31

Tb(EDTA) Tb(DO2A)*

Fic. 12 Crystal structures of Th(EDTA)-NaOH-2H,0 and TBA-Tb
(DO2A)(DPA), showing trigonal and linear coordination sites, respec-
tively, available for dipicolinate binding (dark gray). Thermal ellipsoids
are at 50% probability; hydrogens and extraneous atoms omitted for
clarity. Th(EDTA)-NaOH-2H,O crystallized from deionized water
(18.2 MQ-cm resistivity) at 4 °C.

B. OxorHILICITY

Most work on lanthanide chelation indicates a strong prefer-
ence for negatively charged or neutral donor groups with large
dipole moments (5). In particular, a significant oxophilic ten-
dency has been confirmed by the finding that rarely few lantha-
nide complexes with monodentate nitrogen donors exist.
However, evidence from complexes with aza-crown ligands
suggests that neutral nitrogen donors may be slightly preferred
over neutral oxygen donors (167).

Our work with dipicolinate derivatives also indicates that nitro-
gen donors can be preferred over oxygen donors in certain cases.
To better understand the binding behavior of dipicolinate, we
explored the coordination geometrles of various DPA analogues
with Tb?". Three structural isomers were examined: pyridine-
2,4-dicarboxylic acid (2,4-DPA), pyridine-3,5-dicarboxylic acid
(3,5-DPA), and dipicolinate itself (pyridine-2,6-dicarboxylic acid,
DPA). Picolinic acid (Pic) and Pyr, which have one and both car-
boxyl arms eliminated, respectively, were also included. As DPA
usually coordinates in a tridentate fashion with the two
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Fic. 13 Emission spectra (Jox=326 nm) of various Th(ligand)(SA)
complexes in 50 mM CAPS buffer, pH 12.5 (DO2A complex in CHES
buffer, same concentration, and pH). 10 uM SA, 1.0 mM Tb(ligand)
complex. [Tb(EDTA)(SA)] (gray) has the greatest emission intensity.

carboxylates and the Pyr nitrogen as donors, shifting one or both
of the carboxyl moieties around the ring will allow multiple
bidentate binding modes (Fig. 15).

As expected, emission intensities of the Tb3' chelates in
solution follow the order Pyr< Pic<DPA. The finding that
monodentate Pyr was the poorest performing ligand and
tridentate dipicolinate was best demonstrated that as denticity
increases the chromophore can bind with greater affinity to the
lanthanide, which in turn leads to more efficient EnT via an
AETE mechanism. A blue shift in the Th®"—picolinate excitation
spectrum (approximately 5nm compared to the analogous
dipicolinate complex) also suggests that more energy is required
for sensitization as the electron density of the ligand is shifted
back onto the Pyr ring. A similar blue shift was also observed
with dipicolinate fluorinated in the 4-position, which similarly
shifts electron density away from the chelating side of the ligand.

Results from picolinate and the DPA isomers are of interest:
using ancillary ligands to limit the available binding sites on the
Tb3* ion, we were able to deduce the likely binding motif of each
isomer based on the intensity and degree of splitting in the emis-
sion spectrum (Fig. 16). Binding of picolinate, 2,4-DPA, and 3,5-
DPA to [Tb(DO2A)]" all produced spectra with comparable
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Fic. 14 Method of continuous variations to determine the binding
stoichiometry of SA%™ to [Tb(EDTA)]". Th3" and SA%" concentrations
varied inversely from 0 to 120 uM in 10 uM increments with 1.00 mM
EDTA in 50.0 mM CAPS buffer, pH 13.5 (1x=314 nm). Emission
intensity integrated from 530 to 560 nm. Equilibration time of 24 h.

features, suggesting the Tb®" coordination environment is similar
and therefore that all three ligands chelate in the same manner.
As picolinate has only one carboxylate moiety, this indicates a
bidentate binding mode involving the Pyr nitrogen and a single
carboxylate oxygen. The decrease in intensity for 3,5-dipicolinate
also supports this motif, as the two donors (Pyr N and carboxylate
O) are spaced further apart, weakening chelation for this isomer.
Restriction of the number of binding sites to two using the
heptadentate DO3A ligand results in little change for picolinate,
meaning this analyte remains in the same configuration—bound
to Tb®" with one nitrogen and one oxygen. For the dipicolinate
isomers, however, things have changed. All three exhibit analo-
gous emission spectra with less splitting for the [Tbh(DO3A)]
complex, signifying a change in the composition and/or geometry
of the lanthanide coordination sphere and consequently a different
binding mode. Chelation to the lanthanide via an n?-carboxylate
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QQ&

Pyridine Picolinate Dipicolinate
(Pyr) (Pic) (DPA)
3,5-Dipicolinate 2,4-Dipicolinate
(3,5-DPA) (2,4-DPA)

Fic. 15 Structures of pyridine, picolinate, and three structural
isomers of dipicolinate, overlaid with an electron density map of the
highest occupied molecular orbital (HOMO) for each ligand. These
chromophores were explored to better understand the binding pro-
perties of DPA. Electron density maps generated using Titan®; higher
electron density is in black, lower in white.

would reduce unfavorable steric interactions by moving the second
carboxylate group of these species away from the ancillary ligand.
For this series of spectra, the intensity decreases in the order 2,6-
DPA > 2,4-DPA > 3,5-DPA, which follows with a decrease in elec-
tron density at the chelating carboxylate as the functional groups
are redistributed evenly about the Pyr ring.

All attempts at crystalhzatlon of these species were unsuccess-
ful; the only reported Ln®" crystal structures with these
dlplcohnate derivatives are of polymeric species obtained under
hydrothermal conditions (168), which cannot be directly related
to our solution results. Although more thorough analyses will be
required for the construction of accurate binding models, we have
established that the Pyr nitrogen in dipicolinate and related che-
lators can play an important part in dictating both lanthanide
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Fic. 16 Emission spectra (1,=278nm) of various terbium
complexes, 10.0 uM in 50 mM MOPS buffer, pH 7.5. (a) DPA; (b) 3,5-
DPA; (¢) Pic; and (d) 2,4-DPA.

binding motif and sensitization. Carboxylate oxygens are strong
donors but appear to be made even stronger with the help of a prox-
imal nitrogen donor. It follows that analytes with additional nitro-
gen donors can in principle be detected using lanthanide optical
sensors, and work in this area should be undertaken.

IV. Looking to the Future

The future of lanthanide-based sensing technologies is limit-
less, owing in part to dramatic recent advancements in receptor
design. Improvements in the sensitivity, stability, and selectivity
of lanthanide receptors will encourage use of such sensors over a
wider range of conditions, including both in situ and in vivo
situations. Enhancements in binding affinities will result in bet-
ter limits of detection, thereby increasing the number and
variety of analytes that can be monitored by such systems.

We anticipate further development of lanthanide binary
complexes as receptors for aromatic ions, with the ultimate goal
of generating highly specific devices capable of sensitive detec-
tion in matrices such as environmental samples or biological
fluids. The possibility of using several lanthanide sensors
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simultaneously then becomes possible. For instance, as SA is
broken down into SU in the liver, the ratio of SA to SU could
be used as an indicator of liver health and function. A dual assay
could be envisioned using [Tb(DO2A)]* at pH 8.4 to detect SU
and [Tb(EDTA)]™ at pH 13.5 to detect SA in aliquots taken from
the same plasma or urine sample. Such an assay would be rapid,
cost effective, and minimally invasive, providing valuable infor-
mation with little discomfort to the patient.

We plan to take advantage of ligand-induced enhancement of
dipicolinate binding affinity to improve current bacterial spore
detection technologies in two ways. The first involves appending
terbium(macrocycle) complexes to solid polymer substrates to
improve microscopy-based endospore assays. In a second
method, we will bind lanthanide complexes to silica to concen-
trate dipicolinate from very dilute samples on columns.

Covalently attaching [Tb(DO2A)]" to polydimethylsiloxane
(PDMS) could significantly improve the microscopic endospore
viability assay (WLEVA) that we developed to image bacterial
spores. In this assay, endospores are inoculated onto wells of
agarose doped with TbCl3 and induced to germinate via the addi-
tion of either L- or p-alanine for aerobic or anaerobic spores,
respectively (169,170). As the bacterial spores germinate and
return to a normal vegetative cycle, their DPA is released and
binds to the Tb®" jons in the agarose. The resulting “halos” of
Tbh(DPA), complexes (n=1-3) around each endospore are visible
using time-gated fluorescence microscopy (72). In the current
protocol, certain endospores are more easily observed than
others, as tEVA only images those capable of germination, and
the rate of germination varies significantly among spore species.
Bacillus spores germinate relatively quickly, on the order of
minutes; Clostridium spores, however, exhibit germination
profiles on the order of hours to days (Fig. 17) (171). For slow-
germinating species, the rate of DPA diffusion begins to outcom-
pete the rate of germination, and little or no signal results.
PDMS is used as a “coverslip” in ptEVA to slow agarose drying,
limit DPA diffusion, and improve image quality. However, we
have just begun to explore the potential of PDMS to serve as a
platform upon which dipicolinate-specific sensors can be cova-
lently bound. By appending the lanthanide(macrocycle)
complex to the PDMS, we may be able to lengthen the residence
time of the DPA proximal to the endospore that released it,
expanding our imaging window.

Another problem encountered with ptEVA involves microscopy.
The agarose surface on which the spores sit is often uneven due
to multiple variables in its preparation, meaning that not all
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Fic. 17. Germination curves of typical aerobic (Bacillus atrophaeus)
and anaerobic (Clostridium sporogenes) spores. (Data provided by
W.-W. Yang.)

spores are present on the same focal plane, rendering an accu-
rate enumeration in any single microscopic view impossible.
But, if the dipicolinate released from the germinating spores is
effectively bound to a terbium(macrocycle) complex that is itself
covalently attached to the PDMS coverslip, the PDMS is the only
surface necessary to image. The PDMS could be readily removed
from the agarose following germination, placed on a flat surface
and imaged separately, eliminating the problem of multiple focal
planes.

The second method involves sample concentration to enhance
the current LOD of bacterial spores by taking advantage of the
pH dependence of dipicolinate binding. Chelation of DPA to [Th
(DO2A)]" is most effective in the pH range 6-10. Above pH 10,
the hydroxide concentration is high enough to compete with the
macrocycle and some lanthanide is lost due to precipitation as
Ln(OH)s. Below pH 5.5, the macrocycle becomes protonated and
[Tb(DPA)]* dominates (Table VI). The idea of using pH sensitiv-
ity of lanthanide complexes is not new; for instance, a pH sensor
was developed based on the pH dependence of a europium ter-
nary complex containing a B-diketonate as the chromophore.
When the pH shifted out of physiological range, the chromophore
dissociated and sensitization was lost (12). However, using this
property not as an indicator but as a concentration tool has yet
to be tested.
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TABLE VI

PRrROTONATION CONSTANTS OF RELEVANT LIGANDS.

Ligand PK.1 pK.o pPK.s3 PK.4 References
DPA -1.05 2.22 5.22 - (159)
DO2A 2.55 3.85 9.55 10.94 (96)

If the terbium(macrocycle) complex was covalently bound to
the stationary phase of a column, such as silica or alumina, a
dilute DPA solution could be readily concentrated. When applied
to environmental samples, this protocol would involve sample
collection, DPA release via physical (heating, pressure) or chem-
ical (germinant or lysozyme) means, and filtration to remove any
cell debris or other material. The dilute dipicolinate solution,
buffered to pH 7-10, could then be passed through the column
containing [Tb(DO2A)]" bound to the solid substrate. The high
binding affinity of the terbium(macrocycle) for DPA at this pH
would cause the dipicolinate to be retained on the column. After
saturation, the addition of a small aliquot of acidic solution
(pH~2) would protonate the macrocyclic ligand and release [Th
(DPA)]", which could then be quantified using fluorescence spec-
troscopy and correlated to the original filtrate volume to yield a
value of spores per milliliter of solution. The column could then
be treated with a ThCl; solution at neutral pH to reform the ter-
bium(macrocycle) in the solid phase for reuse. Current limits of
detection of bacterial spores in environmental samples for spec-
troscopic techniques are in the 10°-10* sporesmL~' range
(81,99,158). The proposed technology could improve the current
LOD by several orders of magnitude.

We are currently working to modify the DO2A ligand to
append to solid substrates. Recent results indicate a negligible
change in binding affinity when one of the acetate moieties is
exchanged for an amide group with similar resilience to pH
variations (172).

V. Conclusions

We have summarized the common attributes of ancillary ligands
in improving detection techniques based on sensitized lanthanide
luminescence and also introduced a new model for enhanced bind-
ing affinity. We suggest that binding affinities can be increased by
an order of magnitude or more by ligand-induced anisotropy in
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lanthanide ion electron density. Upon chelation of an electronega-
tive helper ligand, the electron density of the lanthanide is shifted
away from open coordination sites. The resulting redistribution of
charge produces a more electropositive region on the Ln®" surface
with greater affinity for an anionic analyte.

We have demonstrated that helper ligands can greatly enhance
the binding affinity of an oxyanion with a lanthanide cation,
thereby establishing this property as a powerful element in
receptor design. What is more, the ligand-induced gadolinium
break makes it very attractive to use terbium as the lanthanide
of choice in sensors, as the readily polarized electron density of
Tb3" will produce the greatest increases in binding affinities if
coupled to the right helper ligands.

From their extraction and separation to even the most basic
density functional theory (DFT) calculations, life is always more
complex when lanthanides are involved and receptor design is no
exception. Steric considerations alone do not dictate an a priori
choice of helper ligand for receptors based on sensitized lantha-
nide luminescence. To a first approximation, parameters such
as ligand denticity and coordination geometry can provide a good
basis for designing a functional receptor complex, but in practice,
it is difficult to predict how these complexes will interact with
their target analytes. We have found that small changes
in helper ligand denticity and binding motif can lead to
surprising behavior in analyte affinity, which has led us to view
these phenomena in a different light.

ABBREVIATIONS
acac acetylacetonate
ADHD attention deficit hyperactivity disorder
AETE absorption-energy transfer-emission
ATP adenosine triphosphate
BAC binding affinity by competition
CA catecholamine
Cat catechol, or 1,2-dihydroxybenzene, or o-benzenediol
DA dopamine
DFT density functional theory
DMABA p-dimethylaminobenzoic acid
DO2A 1,4,7,10-tetraazacyclododecane-1,7-bisacetate
DO3A 1,4,7,10-tetraazacyclododecane-1,4,7-trisacetate
DOTA 1,4,7,10-tetrakiscarboxymethyl-1,4,7,10-tetraazacyclododecane
DPA dipicolinic acid, or pyridine-2,6-dicarboxylic acid
2,4-DPA pyridine-2,4-dicarboxylic acid
3,5-DPA pyridine-3,5-dicarboxylic acid
EDTA ethylenediaminetetraacetic acid

EnT energy transfer
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Epi epinephrine (adrenaline)

ESIPT excited state intramolecular proton transfer
nEVA microscopic endospore viability assay

FRET Forster resonance energy transfer

HBA hydroxybenzoic acid

HFA hexafluoroacetylacetonate

IC internal conversion

ISC intersystem crossing

Nd:YAG neodymium-doped yttrium aluminum garnet
NE norepinephrine (noradrenaline)

PDMS polydimethylsiloxane

Pic picolinic acid (pyridine-2-carboxylic acid)
Pyr pyridine

SA salicylic acid

SU salicyluric acid, or 2-hydroxyhippuric acid, or

orthohydroxyhippuric acid
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ABSTRACT

In this chapter, we discuss several approaches that have led
from molecular entities to supramolecular soft and hard molecu-
lar architectures. Systems based on metal complexes with d° and
d® electronic configuration forming assemblies such as micelles,
vesicles, and gels, as well as crystalline structures, will be
illustrated. The focus is on the role played by the metal complexes
chemical structures as well as the choice of the intermolecular
interactions in the ground and/or excited electronic states within
the arrays. The selected examples, based on noncovalently linked
luminescent systems, aim to the development of multifunctional
assemblies, in which the self-organization generates new
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functions, for potential applications in optically addressable mat-
erials. The question is how much we can rationalize the behavior
and predict the structures and their properties on the basis of
the design.

Keywords: Self-assembly; Luminescence; Metal complexes; Soft
Assemblies; Self-organization.

I. Introduction

Photochemical processes in complex-ordered materials are
responsible for life as we know it on our planet's surface. Under-
standing how light can be absorbed, produced, or transformed in
chemical species in assembled components is a major goal involv-
ing numerous scientists from different disciplines.

Self-assembly is a nature-inspired process, in which small
molecules spontaneously arrange in an ordered fashion, leading
to functional structures displaying characteristics which are not
present at the level of individual molecules. The information
contained within the structure of the small entities is translated
into complex functions through the cooperative interactions
between these building blocks. To obtain the desired output,
the components must be chosen with great care and organized
in space, energy, and time. Self-assembly can facilitate the con-
struction of complex systems without employing covalent
linkages between subunits, which otherwise would require
demanding synthetic procedures and difficult purification steps.
Further, a variety of different architectures can be set up with
few building blocks that can be repeatedly combined in different
ways, just as observed in natural photosystems. The organiza-
tion in large structures in which intermolecular and noncovalent
bonds between two or more chemical entities have been formed is
part of supramolecular chemistry defined as chemistry beyond
the molecules (1,2).

Several artificial systems in which intermolecular and non-
covalent bonds between two or more chemical entities have been
formed have been reported. The driving forces which hold
together these entities are mainly dealing with electrostatic
interactions, metal coordination, hydrogen bond, n—n stacking
as well as hydrophobic, van der Waals, and dispersion
interactions. Therefore, such concept has paved the way for
designing and building systems with specific and novel features,
whose properties could be far beyond the simple sum of
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functionalities of the single subentities (3,4). Nowadays, one of
the most striking goals is to provide building blocks that can be
rationally mixed and matched to have functional supramolecular
architecture and materials with properties which can be
modified upon an external stimulus. Adaptive materials (5),
self-healing systems (6), and dynamic species (7), able to reorga-
nize their structure as a response to an input, are the next gener-
ation of organized molecular systems which started to appear in
the literature.

By mimicking biological systems, it is possible nowadays to
create species able to act as (supra)molecular sensors, as well
as to develop catalysts which undergo allosteric control (8), or
produce by light molecular movements (9). Moreover, biological
systems make strong use of the concept of multivalency, which
is based on recognition as well as on relatively weak and non-
covalent interactions, as hydrophobicity and hydrophilicity
(10,11), host—guest chemistry (12,13), and H-bonding (14,15).
Thus, taking inspiration from nature offers the possibility to
deliberately design cooperative synthetic systems, blossoming
novel, and fascinating scientific scenarios in both fundamental
and applied research. A more ambitious goal is not to mimic
nature but to provide simpler artificial systems which can
replace natural ones.

In many cases, in nature, the assemblies are constituted of
organic chromophores. Much less common is to encounter
assemblies of organometallic species or hybrid organic—inorganic
arrays. Organometallic complexes display a variety of outstand-
ing characteristics, among which are photophysical, catalytic,
redox, and magnetic properties. Combination of different metal
complexes, possessing complementary properties, for example,
emission colors, absorption, ability to accept and donate energy
and charge, can lead to white-light emission, light-harvesting
systems, photoinduced energy and charge-transfer (CT)
processes, and photocatalysis.

Herein, we will discuss several approaches that have led from
molecular entities to supramolecular soft and hard systems. In
particular, we will show how the molecular structure can be
modified to induce the controlled self-assembly of transition metal
complexes into sophisticated photoactive arrays with unusual pro-
perties derived from the structure of the metal complexes and
their intermolecular interactions in the ground and/or excited
electronic states within the assemblies. We will start with a sur-
vey of the photophysical properties of selected transition metal
complexes, followed by an overview of the aggregation mechanism
they can undergo to. We will focus our attention on soft assemblies
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such as micelles, vesicles, and gels, and finish with crystalline
materials. Along our journey, we will elaborate on design
features, photophysical properties, structure—activity correlation,
and potential applications. The selected examples are based
on noncovalently linked luminescent systems in which the
self-assembly process generates new functions.

Il. Basic Photophysics of Selected Transition Metal Complexes

Many excellent reviews and books have been written
concerning the photophysics of organometallic species (16-22), a
detailed discussion exceeds the scope of this work. We wish to
give to the reader only the photophysical basis of selected d°
and d® complexes to follow better the discussion in the next
sections. In brief, in a metal complex, its molecular constitution
can be described as a metallic center surrounded by an organic
coordination sphere. The electronic interplay between these
units defines the character of the electronic excited states, which
are the ones to undergo subsequent photophysical or photochem-
ical processes.

Ground and excited-state electronic wave functions facilitate
the presentation of electron density relocations that can be
visualized and interpreted as transitions involving localized
molecular orbitals (MOs). However, the limitation of this model
should be kept in mind. This is particularly true for the nature
of the transitions, which actually occur between electronic states
that cannot even be regarded as purely zero-order in nature. Due
to electron correlation, interconfigurational mixing is indeed
introduced for a more accurate description, namely as configura-
tion interaction of zero-order wave functions. Electronic states
are then approximated as combinations of zero-order wave
functions, yielding representations of mixed nature (23,24).

For complexes, the combination of metal-centered (MC) d and
ligand-centered (LC) orbitals leads to MOs which are den-
ominated according to the predominant atomic orbital con-
tributions. Therefore, transitions between zero-order electronic
configurations can be classified as LC, MC, or CT electron den-
sity displacements. If contrasted with the ground state, the first
two mainly involve changes within the organic portions (LC) or
the inorganic part (MC) of the molecule. The latter one (CT)
involves a vectorial redistribution within or between the organic
ligands (intra- or interligand charge transfer, respectively,
ILCT), or more frequently, between the organic part and the
metal center. According to the directionality of the electron
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density shift, they can be considered either as metal-to-ligand
charge-transfer (MLCT) or ligand-to-metal charge-transfer
(LMCT) states. Within the orbital approximation, rough elec-
tronic wave functions are constructed as linear combinations of
basis functions centered on the atomic components, which result
in MOs. At this point, the electron spin has not been considered
so far. Within the orbital approximation, the excited electronic
states involve half-filled orbitals occupied by unpaired electrons.
In most cases, purely singlet or triplet wave functions can be con-
structed as zero-order approximations, which might be fair
enough for organic chromophores constituted preponderantly by
light atoms. However, relativistic effects due to acceleration of
electrons in the immediacy of the elevated nuclear charges of
heavy atoms originate a perturbation that, once again, leads to
mixing of zero-order wave functions. Representation of electronic
states as purely singlet or triplet in nature breaks down and
gives way to mixing, by spin—orbit coupling, of electronic wave
functions with defined spin. The spin—orbit coupling constant,
which determines the magnitude of the perturbation, roughly
scales as Z*, where Z refers to the nuclear charge. The perturba-
tion is the strongest for Au, Re, Os, and Pt.

The properties of photoactive transition metal complexes, such
as those described herein, are fundamentally marked by
spin—orbit coupling. In metal complexes usually fast intersystem
crossing from the optical excited state, mainly of singlet charac-
ter, to an isoenergetic state, which is predominantly triplet in
nature is observed. This radiationless process is followed by fast
relaxation into the lowest excited state with preponderant triplet
character. From there, emission of light, radiationless deactiva-
tion, electron or energy transfer, and chemical reactions can
occur. Radiationless deactivation pathways, especially for ruthe-
nium complexes, are often privileged by thermally accessible MC
states, which provide a crossing point with the potential energy
surface of the ground electronic state, due to their distorted
nuclear configuration favored by placement of electrons in unoc-
cupied, antibonding d-orbitals. MC states can be pushed up in
energy by the introduction of strong sigma-donating ligands that
locate a negative charge density on unoccupied d-orbitals of the
metallic center, as well as by the binding of effective n-accepting
units that stabilize the occupied d-orbitals of the central atom.
Further, the energy level of the lowest electronic excited states
can be tuned by a judicious choice of the ligands’ “chemical struc-
ture” which can critically stabilize or destabilize them with
respect to the ground electronic state.
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Usually, absorption and emission of light between states of dif-
ferent multiplicity are spin-forbidden. However, due to the mixed
multiplicity character of the electronic excited states of transi-
tion metal complexes, such processes become, at least, partially
allowed, enabling the fabrication of luminescent species with
long-lived electronic excited states, due to their predominant
triplet character. This opens the possibility for electrical excita-
tion with potentially 100% efficient exciton harvesting:
recombinations of holes and electrons lead to electronic excited,
singlet and triplet, states which, ultimately, lead to the lowest
excited triplet level. Another interesting feature of triplet
emitters is their marked Stokes-shift, which is determined by
the singlet—triplet splitting of the lowest electronic excited sin-
glet and triplet states, as well as by the energy of structural reor-
ganization upon intersystem crossing and subsequent
vibrational relaxation. Moreover, the emitting triplet state can
be of a different origin than the optically excited singlet state,
thus leading to even more pronounced shifts. The major triplet
character of the long-lived, lowest electronic excited states also
renders them prone to quenching by molecular oxygen, which
can be used for sensing or photosensitizing purposes.

The geometry of complexes of groups 7-9 of the transition met-
als, in particular, Re(I), Ru(II), Os(II), and Ir(IIl), is determined
by the d® electronic configuration that leads to octahedral coordi-
nation geometries. The d-orbitals of the central atom can be
roughly viewed as split into two sets of triply and doubly degen-
erate nature, named as ty, and e, respectively, where the latter
ones are higher in energy, and the splitting is determined by the
ligand field (vide supra). The metallic center is therefore shielded
from the environment, and intermolecular interactions mainly
perturb the organic ligands and, consequently, the ground and
excited electronic states whose energy content they determine.

For the octahedral Ru(II) complexes, and the other d® metal ions,
the o1, and niy, orbitals are completely filled as well as the HOMO
(TEM(th))G is fully occupied and the ground state configuration is
closed shell. The ground state is therefore a singlet, while the
excited states are either singlet or triplet. The polypyridine
complexes, accounted as paradigmatic examples of MLCT states,
involve 4d-orbitals from which electron density is displaced to
the organic ligand. In complexes in which the coordinated ligands
do not possess accessible 7, * orbitals, the lowest excited state is a
MC. This leads to fast radiationless deactivation to the ground
state and/or ligand dissociation reactions. Strong c-donors and =-
acceptors lead to a larger d-orbital splitting and, consequently,
destabilize MC states, making thermal activation less accessible.
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If compared with their Ru(Il) analogues, Os(II) complexes dis-
play smaller gaps between the ground and the excited electronic
states, as the relevant 5d-orbitals lie higher in energy, thus low-
ering the energy of the MLCT state. This leads to red-shifted
emissions and shortened excited-state lifetimes, due to a faster
nonradiative deactivation, which can be rationalized in terms of
the energy gap law (25-28). If compared with Ru(II), non-
radiative MC states of Os(II) complexes are relatively less ther-
mally accessible due to the lower energy content of the MLCT
states. Further, the splitting induced by a given ligand field is
more pronounced for the diffuse 5d-orbitals of Os(II) than for
the 4d-orbitals of Ru(Il), which further increases the gap
between the emissive MLCT and the nonradiative MC states.

In the case of Rhenium, Re(I) complexes require the introduc-
tion of even stronger m-accepting ligands (typically CO or CN)
to stabilize their high lying 5d-orbitals. This is necessary to push
up in energy the MLCT states, which otherwise possess a very
low-energy content leading to extremely low-emission efficiencies
according to the energy gap law. Further, strong field ligands
induce a larger splitting of d-orbitals, thus making nonradiative
MC states less accessible and favoring radiative processes.

Luminescent Ir(ITI) complexes are often comprising
cyclometalating ligands, and even though they possess the same
electronic configuration of the Ru(Il) and Os(II), the nature of
their excited state is less defined. In fact for many complexes,
the lowest emitting excited state is a mixed MLCT and LC,
which is reflected in longer excited-state lifetimes and often
structured emission. This mixed nature is well shown by the dif-
ferent 1nterp1ay between the k, and k.. For pure SMLCT, a
larger k, is usually observed than for a pure >LC states
A remarkable behavior is observed for the excited-state lifetime,
as even for larger contribution of the 3LC states, a short lifetime
(few microseconds) is recorded which is related to the heavy atom
effect which induce a strong triplet-singlet mixing. Another
interesting feature of the Ir complexes is their much higher sen-
sitivity toward modifications of the frequently used
cyclometalating ligands. Such properties allow a very fine-tuning
of the excited-state energies, and the emission maxima can vary
from UV to near IR.

In the case of Pt(II), however, the d® configuration leads to
square- planar coordination geometrles A particular feature of
these species is the doubly occupied d,? orbitals, which are nor-
mal to the coordination plane. This geometry fac111tates the stac-
king of molecular units into dlmers oligomers, or columnar
arrays in which the protruding d,? orbltals can interact, leading
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to excited electronic states that involve more than one molecular
entity. For the monomeric species, either LC or MLCT excited
states (i.e., nn* or dn* electronic configurations, respectively)
determine the observed photophysical and photochemical pro-
perties. However, in the stacked planar complexes, metal—
metal-to-ligand charge-transfer (MMLCT) states (.e., do*r*
electronic configurations) are populated and can be described as
electron density displaced from the interacting metal d,? orbitals
to the stacking ligands, which is usually associated to a red-
shifted absorption and emission. Further, do*nc* electronic con-
figurations can also become relevant when investigating
aggregated species. Modulating the intermolecular distance
allows, for instance, to tune the absorption and emission
wavelengths of the assemblies, as the d—d electronic interaction
is a function of distance. Further, the planar nature of Pt(II)
complexes also favors excimer formation, which can also display
red-shifted emission as compared with the emission of mono-
meric species. Pd(II) shares structural and chemical features
with Pt(II) within the group 10 of the periodic table, even though
its photophysical properties are less appealing. Nonetheless, Pd
complexes are very well known for their catalytic properties,
which might be exploited in photoactive supramolecular
architectures.

In the next section, we will divide the d® and d® metal
complexes and describe the possible modulation of their
properties upon aggregation.

lll. Molecular Systems Based on Aggregates of d® Metal Complexes

A. PHOTORESPONSIVE ASSEMBLIES BASED ON NONCOVALENT
INTERACTIONS

Synthetic chemists have applied the concepts of multivalency
and cooperativity to supramolecular chemistry to create, for
instance, biomimetic receptors able to recognize small molecules
(29,30), polysaccharides (31), and DNA (32). Most of these
systems are based on calixa[n]arenes (33-35), cucurbituril (CB)
(36,37), and cyclodextrine (CD) (38-40) (see Fig. 1), and they
represent ideal guests for assembling photoactive species.

It has also been shown that organic chromophores can be
used to reversibly assemble and disassemble large structures.
For example, Zhang and coworkers (41) reported the light
controlled assembly of a system based on o-CD and
diazobenzene-containing surfactant. As depicted in Fig. 2, the
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Fic. 1. Schematic representation of some host systems used for
host—guest assemblies: from left: calixarene, cucurbituril, and
B-cyclodextrine.
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Fic. 2. Schematic light-induced assembly and disassembly process.
Reproduced with the permission of Wiley-VCH (41).

trans-isomer of 1-[10-(4-phenyl-azophenixy)decyl]lpyridinium
bromide (namely, AzoC10) can be well recognized by «-CD, due
to favorable hydrophobic and van der Waals interactions. Upon
UV irradiation at 365 nm, the trans-diazobenzene moiety under-
goes the well-known photoisomerization process to the cis form
with subsequent disassembling. This is due to the increased ste-
ric demand because of the change in conformation of the
azobenzene moiety, within the hydrophobic cavity of the o-CD.

Using the same hydrophobic supramolecular interactions, it is
possible to create assemblies based on luminescent metal
complexes which, if judiciously chosen, can lead to new pro-
perties not present in the simple components such as vectorial
photoinduced processes.
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B-Cyclodextrines, appended to a ruthenium complex, have
been employed as hosts for iridium and osmium complexes bear-
ing adamantyl or biphenyl moieties, which form strong
host—guest complexes with B-cyclodextrines (see Fig. 3). In such
systems, photoinduced energy transfer can occur from the
periphery, upon complexation of the iridium units, toward the
central ruthenium acceptor, or switched in the other direction,
from the ruthenium to the periphery when the osmium moieties
are assembled (see Fig. 3) (42). The lowest excited state is in fact
localized on the osmium center, while the highest luminescent
excited state belongs to the iridium complex (see Fig. 3 right).

The system can be made even more complex to achieve vecto-
rial energy transfer in distinct steps, making the central unit
asymmetric by substituting the coordinating ligands of the
ruthenium with two different CDs. To introduce directionality
in the photoinduced process, both a- and f-CDs have been linked
onto a ruthenium core, which can act as a junction by the selec-
tive binding of tailor-made photoactive guests. In these cases,
anthracene and osmium derivatives were employed as final
energy donor and acceptor, respectively. After self-assembling
of the three different photoactive components (see Fig. 4), and
upon excitation of one of the peripheral anthracene moiety, a vec-
torial unidirectional photoinduced energy transfer process takes
place (Fig. 4) (43).

Q- AE 1

Ir guest Ru'cD Os”guest

Emission intensity

400 500 600 700 800 900
A (nm)

Fic. 3. Schematic representation of the assembled Ru—CD—Ir
system in which it is possible, upon light excitation, to funnel the elec-
tronic excitation to the ruthenium core. To switch the direction of the
energy transfer process, Ir complexes must be replaced with the
osmium analogues. Right: emission spectra for the three complexes.
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Fic. 4. Schematic formula of the multicomponent system and its
energy levels. Due to the energy cascade process, the electronic energy
can be transferred from the excited anthracene to the osmium acceptor
(green) via the ruthenium moiety (43).

An interesting self-assembled light-harvesting antenna system
based on a ruthenium complex and a Nd(III) emitter has been
reported by Balzani et al. (44). The three-component assembly
containing a dendrimeric 1,4,8,11-tetraazacyclotetadecane
(cyclam) core with appended 12 dimethoxybenzene and 16
naphthyl units able to harvest light in the UV region, (D), [Ru
(bpy)2(CN)yl able to absorb light in the visible but also to coordi-
nate other metal ions, and Nd>* cations able to emit in the infra-
red region if suitably sensitized. The components were added in
equimolar amounts, to form the assembly {D-Nd*"[Ru
(bpy)2(CN)al} (44). The cyclam core is able to coordinate the Nd
ions, but the dendrimer D is not able to directly sensitize the lan-
thanide ion located in its core. However, the organic
chromophores are able to efficiently transfer electronic energy
to the [Ru(bpy)2(CN)g] complex, which is coordinated through
the cyano groups to the Nd. The excited Ru complex can then
emit or sensitize the line-like emission of the Nd! ijon, as
observed by recording the IR emission spectrum.

Besides hydrophobic and coordinative interactions, hydrogen
bonds and electrostatic interactions have been used to assemble
luminescent metal complexes. In this context, Barigelletti and
coworkers (45-47) reported on the luminescent properties of
Ru(II) and Os(II) complexes containing bipyridines peripherally
functionalized with nucleotide bases, cytosine, and guanine,
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namely, Ru-C and Os-G, respectively. In polar nonprotic solvent,
that is, CH5Cl,, these compounds are able to associate in pairs
through mutually complementary triple hydrogen bonds (C—G
nucleotide bases) yielding the couple Ru-C---Os-G. Upon light
excitation, a photoinduced energy transfer process from the
excited ruthenium moiety to the osmium unit is observed.

We have shown that hydrogen bonds can be successfully
employed to decorate the periphery of dendrimers with emitting
Re(I) complexes (48). The dendrimers were used as multivalent
hosts for the barbiturate guests Barbital and for the [Re(Br)
(CO)s(barbi-bpy)] (barbi-bpy = 5-[4-(4'-methyl)-2,2'-bipyridyl]
methyl-2,4,6-(1H,3H,5H)-pyrimidinetrione) (see Fig. 5). The sta-
ble adducts formed between the dendritic architectures (the hosts)
and the barbiturate guests were investigated, and energy transfer
has been shown from the excited dendrimer to the Re complexes.

Further, electron transfer could be investigated in a system
based on the same interaction, in which the electron acceptor,
methyl viologen, was bound to the Re(I) complex, acting as an
excited-state electron donor (49).
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Fic. 5. Schematic formula of the dendrimer and of the Re(I) guest
which can complex via hydrogen bonds, at its periphery. Upon irradia-
tion at =330 nm, where the dendritic structure is almost selectively
excited due to the different absorption profile with respect to the
rhenium complex, an efficient energy transfer can occur from the
dendrimer to the organometallic moiety.
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B. MIcELLES AND VESICLES

An interesting approach to have multiple components non-
covalent assembled, based on identical or different metal
complexes, keeping a well-defined structure, is to organize them
in micelles and vesicles. Such self-assembly, in certain solvents,
must be promoted by an amphiphilic nature of the metal complex
which can be achieved by tailoring the ligands coordinated to the
metal ion. A fine-tuning of the ligands could also allow obtaining
the correct geometrical shape to be able to discriminate between
micelles or double layer structures such as vesicles or eventually
linear arrangements such as fibers.

In a general design, the metal complex represents the head
group of the surfactant and often constitutes the polar part, as
most of the metallosurfactants investigated contain charged
complexes. The tails are then the hydrophobic units and can be
appended to the coordinated ligands to have a straight geometri-
cal shape or defining a conical form in the case of divergent or
double chains. The geometry of the assembly will therefore
depend on the relative size ratio chain/metal complex, the length
of the chain and its shape, the number and position on the
bipyridine ligands, as well as the nature of the counter-ion
(50-52). However, the rationalization of the assembly is not that
straightforward. In fact, secondary intermolecular interactions
(m—m, electrostatic, hydrogen bonds, etc.) as well as solvent and
temperature could play a major role resulting in assemblies of
unpredictable shape and size. Also, so far there are no pre-
dictions or experimental evidences on how to interchange from
one structure to another one in a reversible or desired way. In
simple metallosurfactants, it has been demonstrated by several
groups that they all display the typical surfactant-like behaviors,
such as adsorbing at interfaces, being it polar/apolar (e.g.,
micelles, vesicles and liposomes), solid/liquid (e.g., monolayers),
or liquid/gas (e.g., Langmuir-Blodgett films). Embedding the
typical self-assembling properties of surfactants and the inher-
ent chemical and physical properties of transition metal
complexes could provide a clever and straightforward way for
incorporating specific functionalities to an interface, such as
magnetism, color, or pH sensitivity, and even more importantly,
redox, photophysical, and catalytic properties.

Even though metallosurfactants are scarce compared to their
nonmetallic organic counterparts, there is an increasing interest
due of their multiple applications in fields such as probes in
emulsion (53), formation of monolayers (52,54-56), thin film
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optoelectronics (57,568), magnetic materials (569,60), liquid crystals
(61-63), templates of mesoporous materials (64,65), biologically
active compounds (66), magnetic resonance imaging (56,67), drug
delivery (68,69), and homogeneous catalysis (70-74).

However, much effort has been devoted for shedding light onto
the fundamental understanding of the interior structure and
dynamics of soft self-assembling materials, as micelles, vesicles,
and microemulsion (53,75).

Several papers reported on the spatial determination of
photoactive molecule in organized assemblies (76-79), and
Pallavicini and coworkers reviewed on the use of luminescence
as probe in self-assembly of multicomponent fluorescent sensors
(80). Also, luminescence quenching studies on [Ru(bpy)s]>" in
sodium dodecyl sulfate (SDS) micelles and hemimicelles by using
a variety of quenchers were reported by Turro and coworkers (81)
and then reviewed by De Schryver and coworkers (82).

Initial studies focused on the lyotropic phase behavior of [Ru
(bpy)s)®" and [Ru(tpy)o]®" systems (83,84), but the first example
of micellization was actually observed in solutions of nonlabile
metallosurfactants containing a [Co(polyamine)]®>" center (85).

In this area, Bruce and coworkers extensively reported on
amphiphilic metal-containing compounds able to display meso-
morphic properties (metallomesogens) (86,87). Most of these
systems are designed for catalytic purposes (88), to act as
templating agents for mesoporous materials (89), and for
optoelectronic application (see d®-based systems). Moreover,
Bruce devoted intensive work to the fundamental understanding
of the structure—properties relationship and, in particular, on the
role played by the molecular parameters of metal-containing
mesogenic molecules, as geometry and volume of the ligands,
nature and size of the metal center, on determining aggregation
properties and arrangement features of the systems as well as
liquid crystalline behavior (90-93).

Verani and coworkers widely investigated stimuli-responsive
soft materials with interesting optical and redox behaviors. Such
materials are able to self-assembly in functional ordered
structures, as Langmuir—Blodgett films and liquid crystals, and
possess potential applications in molecular electronics and
magnetic films as well. These compounds are mainly based on
Co(II) (94), Co(III) (95), Cu(Il) (96), Fe(Il)/Fe(III) (97), and Ni
(II) and Zn(II) (98). A recent overview dedicated to colloidal sys-
tems, and their application in different fields has recently
appeared in the literature (99).

Among all the different coordinating ligands employed, dialkyl-
phenantroline and bipyridines have been successfully used in the
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synthesis of ruthenium (52,100,101), rhenium- (102), and iron-
based amphiphiles (103). Further, Bruce et al. have correlated
the shape and chemical nature of the ligand coordinated to the
ruthenium ion with the resulting structure of the aggregates.
Ruthenium metallosurfactants as the polar head group, which
contains a single alkylated bipyridine as hydrophobic part,
namely, [Ru(bpy)s(Re-bpy)]?", have been also investigated
(50,61,100,104). Even though these aggregates are potentially
luminescent, particularly, ruthenium(II) complexes incorporating
bipyridyl units stand out for their robustness, reactivity, as well as
rich electro- and photochemical properties (105,106), no informa-
tion on the variation of the photophysical properties were reported
for most of the systems.

Going from small molecules to macromolecules-based systems
and taking advantage from the well-known tendency of amphi-
philic block copolymers to aggregate in micelles in aqueous media,
Gohy and coworkers showed the possibility to aggregate metal-
losupramolecular amphiphilic block copolymers consisting of a
core formed by hydrophobic and insoluble poly(styrene) (PS) or
poly(ethylene-co-butylene) (PEB) blocks, surrounded by a hydro-
philic poly(ethylene oxide) (PEO). These two blocks are held
together by bis-2,2":6',2"-terpyridine-ruthenium moieties, namely,
[Ru(R'-tpy)(R"-tpy)], which are thought located at the corona
core-corona interface (107-110). The metallosupramolecular block
copolymer micelles have been recently reviewed by Gohy; thus no
more room will be dedicated to this topic hereafter (111).

However, Sleiman and coworkers investigated the synthesis of
homopolymers block copolymers containing dense arrangement
of ruthenium bipyridyl complexes by using ring-opening metath-
esis polymerization (ROMP). In this case, the hydrophobic poly-
meric tails face the solvent and act as protecting shield for the
polar head, while the core of these aggregates is expected to be
formed by the ruthenium moieties. Thus, the block copolymers
organized in such a way that the ruthenium moieties displayed
a lack of interchromophore interactions with consequent preser-
vation of the redox and photophysical properties (112,113).

As already mentioned, to rationalize the shape and size of the
aggregate is difficult and also the number of studies on the rela-
tionship between structure and the physicochemical properties of
these luminescent metalloaggregates remain limited so far
(50,104,114,115), and mostly dealing with spherical micelles,
even though few vesicular systems have been also reported (116).
In addition, these aggregates have been studied mainly in aqueous
solutions, while there are only few known metallosurfactants
which aggregate in organic solvents (116,117).
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Despite most of the investigations on the ruthenium complexes
containing micelles deal with the quenching phenomena, there
are few papers in which the micelles have been used to enhance
the ruthenium emission (116). A protection from the environ-
ment and a reduction of the quenching by the dioxygen can be
achieved by shielding the metal complexes using dendritic
structures (118) and core/shell nanoparticles (119,120). Sauvage
and coworkers showed a different effect on investigating the
luminescence properties of Ru(bpy)s(ppz), namely, Ruppz,
where ppz=dipyrido[3,2-a:2’,3'-c]phenazine, in micellar SDS
solution. The complex Ruppz did not show any luminescence
in water, although it was a modest emitter in organic solvents
as ethanol. However, going from pure aqueous solution to a con-
dition in which the concentration of SDS is above its critical
micellar concentration (CMC), a dramatic enhancement of the
emission intensity was detected, the ratio being larger than a
factor of 3 (121). The quenching in such a case is not due to the
dioxygen but to the protonation of the pyrazine group in water
which turns off the emission.

Most of the micellar systems described so far are realized in
water. We recently reported on the aggregation features and
spectroscopic properties of inverted ruthenium bipyridyl
aggregates in low-polarity organic solvents (116). Such systems
could help to further shed light on the role played by closely
organized metal centers. The design of molecules able to self-
organize in low-polarity solvents requires shrewd care, thus par-
ticular considerations have to be taken into account. Indeed, a
surfactant that could be able to aggregate into inverted micelles
has to match two different key aspects: a small head group and
voluminous hydrophobic substituents. As a result, a molecule
with a truncated cone architecture, where the head group
represents the narrow extreme of the cone, might be considered.

As far as a [Ru(bpy)s]®>" moiety is concerned the polar head
possesses a rather big volume of about 100 A2, which requires
the hydrophobic tail to be voluminous enough to compensate
such a big head group. To reach this goal, we proposed
metallosurfactants containing from one to two and either linear
or branched alkyl chain substituted bipyridine, of general for-
mula [Ru(bpy)s_,(bpyR,),.ICly with n=1 or 2 and where bpyR,
stands for a 4,4'-dialkyl-2,2'-bipyridine ligand with x alkyl chains
(Fig. 6).

Due to the amphiphilic nature of the complex, inverted aggre-
gation in apolar organic solvents was realized, leading to the
formation or either inverted micelles or inverted vesicles.
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Fic. 6. Chemical structure of the investigated metallosurfactants with
two (left) and one (middle) disubstituted bipyridines. Right: room temper-
ature time-resolved emission decays of complex 12 in n-hexane (solid line,
—) and upon addition of one drop of ethanol (dotted line, ---). Emission
was monitored at 644 and 623 nm, respectively.

To compare the properties of the metallosurfactants upon
aggregation, the photophysical characteristics of the complexes
9-13 were investigated in air- equilibrated n-hexane and ethanol
conditions. Both absorption and emission spectra of all the
complexes are closely related to the ones of [Ru(bpy)s]®*"

However, contrary to the reference complex, a pronounced and
unexpected bathochromic shift was detected in the MLCT
absorption band in n-hexane when compared to ethanol. A simi-
lar and more evident behavior was observed for the emission
spectra indicating that in hexane, the ruthenium moieties expe-
rience a more polar environment.

These results suggest the formation of aggregates in the lower
polarity solvent, being most likely reversed micelles or reversed
vesicles. The cationic heads of the ruthenium complexes being
in the core of the aggregates are organized close to each other
feeling a higher polarity environment despite the low polarity
of the solvent.

The time-resolved analysis of the excited state responsible for
such photoluminescence gave further evidence of the formation
of aggregates in n-hexane, in particular, when compared to etha-
nol. Figure 6 shows the decays of the complex 12 in air-
equilibrated solutions, as monomeric species and in the aggre-
gate form. The long component was assigned to the monomeric
nonaggregated ruthenium amphiphilic molecules, while the short
component would arise from the aggregated and closely-packed
molecules. The quenching effect is due to the triplet—triplet
annihilation, which strongly reduces the luminescence excited-
state population of the complexes. To support such explanation,
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a drop of ethanol into the n-hexane was added to disassemble
the aggregates. The biexponential decays turned in a
monoexponential lifetime (Fig. 6).

The nature and the structure of such aggregates were also
investigated by means of dynamic light scattering and atomic
force microscopy.

We discussed how the numbers, size, and nature of the akyl
chain(s) can influence the formation of inverted vesicles or
micelles which could open new perspective toward the synthesis
of nanomaterials and, in particular, of photocatalysts. Multi-
chromophoric aggregates can also have an important role as
light-harvesting units or for the constitution of multicolor
emitting materials.

To exploit this last appealing possibility, we have investigated
energy transfer processes in self-assembled aggregates and, in
particular, in vesicles constituted of two different (in energy)
luminescent metallosurfactants (7122). Both complexes
are charged and contain long chains dialkyl-bipyridine, as the
hydrophobic part of the structure. For the electronic energy,
acceptor and donor metallosurfactants bis(2,2'-bipyridine)(4,4'-
diheptadecyl-2,2’-bipyridine)ruthenium(II) dichloride (1) and bis
[(4,6-difluorophenyl)pyridine](4,4’-diheptadecyl-2,2’-bipyridine)
iridium(III) chloride (2) were chosen, respectively (Fig. 7).

The photophysical properties of these metallosurfactants,
namely 1 and 2, were investigated in air-equilibrated aqueous
solution at room temperature, and the results compared with
the nonsurfactant analogues, namely, [Ru(bpy)s]Cly and
[Ir(dfppy)2(bpy)ICl (where bpy=2,2'-bipyridine and dfppy is 2,4-
difluorophenylpyridine). Also, the steady-state and time-resolved
emission properties of 1 and 2 were investigated in the presence
of a conventional cationic surfactant, as cetyltrimethylammonium
bromide (CTAB).

Below the CMC, both the compounds 1 and 2 showed
photophysical properties resembling their parental species with
a differentiated emission in the red region (1., =635 nm) for the
ruthenium complex and a green emission (1. =544 nm) for the
iridium compound. Both emissions display monoexponential
decays.

However, above the CMC, biexponential lifetime profiles and
enhanced emission quantum yields are observed for both
complexes. Comparison with the excited lifetime of the parental
complexes showed that the longer component can be assigned
to the aggregated species. Such findings could be explained in
terms of smaller nonradiative rate constant, as consequence of
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Fic. 7. Schematic formulas of the metallosurfactants and their self-
assembly in mixed aggregates.

the reduction of the vibrational modes available to the head
groups within the confined environment of the aggregate.

Upon combination of complexes 1 and 2 in an equimolar
0.025 mM aqueous solution, the absorption spectrum displayed
features of both complexes. On the contrary, the emission spec-
trum of such mixture showed a maximum centered at 645 nm,
which resembled only one of the complex 1, while the emission
of complex 2 was not detected. The time-resolved emission anal-
ysis confirmed that the decay was only related to complex 1
above the CMC. These findings strongly indicate a full and effi-
cient energy transfer process involving the iridium-based
metallosurfactant 2, being quenched by the ruthenium-based
amphiphilic complex 1 in a system that can be depicted as a
mixed aggregate.

No bimolecular quenching process could be detected at the
employed concentrations for the reference complexes.

To gain deeper insight into the energy transfer process as
well as to explore the possibility to tune such a process, a
“diluting” surfactant as CTAB which possesses a higher CMC



66 CRISTIAN A. STRASSERT et al.

(CMC =9 mM) was used. The nonluminescent cationic surfactant
seemed to play a noninnocent role. Indeed for concentration of
CTAB above the CMC, both 1 and 2 displayed an increase of
their emission intensity as well as an elongation of their
excited-state lifetimes, suggesting an incorporation of the
metallosurfactant in the CTAB-based micelles. In Fig. 8 are
depicted the emission spectra of equimolar mixtures of the
metallosurfactants 1 and 2, upon variation of the concentration
of CTAB. These experiments clearly showed the dependence of
the intramicellar energy transfer process occurring between the
two amphiphilies due to the micellization equilibrium of CTAB.

Thus, such findings demonstrated the possibility to obtain
luminescent soft structure made by self-assembling donor/accep-
tor metallosurfactants based on ruthenium and iridium
complexes, in which the energy transfer process can be easily
tuned by addition of a nonluminescent surfactant. As a result,
two emission colors can be obtained and one could even imagine
to have more than two emitters or to combine other properties
within the same aggregate. These aggregates could therefore
be employed as novel electroluminescent materials, as the size
of the spherical aggregates is compatible with ink-jet printing
and the emitters can be tuned in color and efficiency in a
desired way.
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Fic. 8. Left: Time-resolved intensity decays and fits for 1 at (a)
0.01 mM and (b) 0.10 mM in aqueous solutions at room temperature
(lexe=431 nm); right: emission spectra of a 1:1 mixture of the
complexes 1 and 2, at different amounts of CTAB. [CTAB] (mM): (a)
0.0, (b) 1.0, (c) 1.5, (d) 2.0, and (e) 3.0 (Aexc=350 nm). Reproduced with
the permission of the American Chemical Society (122).
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C. DouBLE COMPLEX SALTS

Iridium(III) complexes have been widely explored in the past
few decades because of their outstanding photophysical pro-
perties and superior photo- and chemical stability (123-129).
Much effort has been devoted to both neutral and cationic lumi-
nescent iridium complexes in which fine-tuning of the energy of
their long-lived excited state can be achieved by proper choice
of the coordinated ligands (130-136).

Work focusing on these compounds was principally prompted by
fundamental studies of excited-state electron and energy transfer
processes (137-139) as well as their potential use as biological
sensors (140), organic light-emitting diodes (OLEDs) (141-145),
and light-emitting electrochemical cells (LEECs) (146-150).

Besides soft structures containing luminescent metal
complexes, strong effort has been devoted to the development of
luminescent porous organometallic frameworks as recently
reviewed by Allendorf and coworkers (151). Also, Kitagawa and
coworkers reviewed on the synthetic strategies and properties
of functional from 1D to 3D coordination networks (152-154).
In these materials, the metal atoms play a fundamental role in
the structure formation as well as in the spectroscopic properties
of the crystalline materials. Several of these structures involve
strong covalent interactions as coordination bonds to a mono-
or multinuclear metal center, which make them more “robust”,
as in metal organic frameworks (155,156), but also examples con-
sisting of weaker and noncovalent interactions are known (157).
The latter are usually formed from purely organic compounds
linked by hydrogen bonds, and the individual building blocks
are commonly referred to as tectons.

Besides these materials, porous organic—inorganic hybrid mat-
erials made by organosilica were firstly reported by Inagaki and
coworkers (158), and since then several examples are known, as
reviewed by Froba and coworkers (159) which is, however, a topic
outside the aim of this review.

As already mentioned, the supramolecular assemblies can lead
to new properties and photoinduced processes which have been
studied in great details in solution (see previous section). On
the contrary, only few cases of intermolecular photoinduced pro-
cesses, and in particular, energy transfer, involving transition
metal complexes in pure crystalline phases have been reported
and will be now discussed. Here, relative orientation and
distance between interacting species can be more precisely deter-
mined by means of single-crystal X-ray diffractometric analysis.
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Taking advantage of weak and noncovalent interactions based
on dispersion forces as metallophilic and -electrophilic
attractions, several efforts were also devoted to assemble
extended arrays of metal complexes, for instance, by using dou-
ble salts of general formula [M]*[M]~ (160). A chain of ligated
metal ions with alternating charges require a judicious choice
of building blocks with particular steric and electronic needs, as
the planarity of the metal complexes involved and the possibility
of m-stacking as complementary stabilization force. This theme
has been recently reviewed by Doerrer; thus no more room will
be devoted to it hereafter (161).

Cases of study of double salts in which no metallophilic inter-
action is involved are also known. In this respect, Schlofer and
coworkers first reported an energy transfer studies in Cr(I1I)-
based complexes of formula [Cr(urea)s][Cr(CN)g] x 3H0. After-
ward, Kobayashi (162,163), Hauser (164-166), and Kaizu
(167-169), reported on quenching studies in Ru(I)/Cr(III) and
Os(II)/Cr(IIT) mixed double complex salts.

To gain a deeper insight into photoinduced processes in crys-
talline systems, we recently reported on double complex salts
containing more appealing and more luminescent complexes
based on iridium phenylpyridil moieties (170). These compounds
have general formula [Ir][Ir'] and are formed by two highly
emitting iridium complexes, which possess different emission
colors and complementary charges. Thus, we have combined
the cationic orange-emitting compounds [Ir(dfppy)2(bpy)ICl (1a)
and [Ir(ppy)o(bpy)ICl (2a; dfppy=4,6-difluorophenylpyridil,
ppy =2-phenylpyridil, and bpy=2,2'-bipyridil), previously
reported by our group, (140) with the anionic blue-green-emitting
complexes (n-BuyNH)[Ir(ppy)2(CN)ol (1b) and K[Ir(dfppy)2(CN)ol
(2b), reported by Grétzel and coworkers (171) (see Fig. 9). The
double salts are obtained because the small counter-ions yield
to easily removable water-soluble salts once the metal complexes
are combined. Of course, to have easily detectable and thermody-
namically favored processes, the excited-state energies of the two
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Fic. 9. X-ray crystal structure of a single crystal and its unit cell
packing for complex 1.
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complexes must be different. This is the reason for choosing the
luminescent ionic complexes possessing complementary colors
and high-emission quantum yields.

We were able to precipitate the double salts (1) as crystalline
materials suitable for single-crystal X-ray analysis, and the
structure of one of them shows that they form fascinating 3D
porous networks (Fig. 9). As can be easily seen, the pores are
formed because of several noncovalent interactions which held
together the entire crystalline structure. We noticed that to be
able to crystallize the material, a number of characteristics must
be incorporated into the building blocks. First, the complexes
must have equal and opposite net charges (+1), the same geom-
etry (in this case, octahedral, Cy; symmetry) to simplify crystal
packing, and they must possess as substituents of the coordinated
ligands groups able to induce weak interactions as, for exam-
ple, fluorine to promote halogen—hydrogen or halogen—halogen
interactions.

The resulting 3D crystalline supramolecular network devotes
about 20% of its volume to host CH5Cl, molecules. The large
and isolated channels run along the crystallographic ¢ axis and
display an 1rregular shape with a minimum cross-section of
3.5x11.5 A2, which is able to accommodate a sphere whose
diameter is 5 1 A. Interestingly, upon removal of the solvent from
the channels, the crystallinity of the compound decreases, but
the porosity is maintained. The process of filling and emptying
the pores is perfectly reversible, and we demonstrated that the
porous network possesses cavities able to host solvent molecules,
or electroactive molecules. In the absence of a guest, we observed
not only that the emission of the blue-green emitter is completely
quenched by energy transfer but also that the emission of the
single crystal is bathochromically shifted with respect to the ones
which are supposed to be the smaller band gap species, namely,
the cations. As revealed by a closer analysis of the packing of sin-
gle crystal of 1, a strong n—n interaction (d=3.4 A) is present
between the complementary iridium components. Most likely,
this interaction leads to a kind of exciplex formation and emis-
sion from a corresponding lower-energy excited state.

Insertion of toluene molecules inside the pores, which most
likely increases the distance between the complexes due to the
breathing of the crystal, was monitored by confocal microscopy,
and a blue shift of the emission accompanied by the visualization
of the energy transfer process was detected.

Even more interesting was the possibility to almost selectively
quench the cationic iridium complexes by efficient photoinduced
electron transfer and to modulate the color of emission of the
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crystal. To reach this goal, anthraquinone molecules, good elec-
tron acceptors, were inserted by gas-phase inclusion. The photo-
induced electron transfer process results in an exoergonic
reaction (AG=—-0.51eV) for the cationic component, thus lead-
ing to the oxidized 2a and the reduced anthraquinone. As a con-
sequence of the strong quenching of the emission of the red
component, the emission spectrum of the crystal displayed an
ipsochromic shift, with a shortening of the excited-state lifetime
of the red-emitting component (see Fig. 10).

These findings demonstrated for the first time that lumines-
cent complexes made of complementary colors and charges can
be used for the creation of a new class of noncovalently linked
porous materials and that their properties depend strongly on
the intermolecular interactions and on the guests entrapped
in their network. Further, due to the different oxidation states of
the metals employed, multiredox reactions could be envisaged just
upon light excitation. Color modulation has been demonstrated
and the active framework could be designed to lead to on/off signal
upon recognition of different guests, therefore acting as sensor
materials.
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Fic. 10. Confocal microscope emission spectra of a single crystal of
complex 1 before (black spectrum) and after (red spectrum) insertion
of anthraquinone molecules inside the pores. As can be seen by eyes
the emission of the crystal change from orange to green. Reproduced
with the permission of Wiley-VCH (170).
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D. AcGrEGATION-INDUCED EMISSION ENHANCEMENT IN CRYSTALS

It is well known that aggregation of light-emitting compounds,
both organic and organometallic, is usually associated with a
strong quenching of emission efficiency. This effect was first
recognized by Forster and coworker studying the fluorescence
of pyrene (172). They observed a decrease of the emission inten-
sity upon increasing the concentration of pyrene in fluid solution
conditions. Nowadays, it is well established that this phenome-
non is almost ubiquitous and involves many aromatic compounds
as well as transition metal complexes. Most of the technological
applications in which light-emitting molecules are used as
emitters in OLED, biological probes and sensors, require a
rather high local concentration of such molecules and often the
molecules are investigated in solid state. Usually, in these
conditions, a strong aggregation-caused quenching effect takes
place, which in turn represents a strong limitation in the real
world for using these classes of compounds. Finding a way to mit-
igate this detrimental effect, or even take advantage of aggrega-
tion for inducing enhancement of emission, would change the
scenario and even create a new class of emitters. In this respect,
Tang and coworkers first reported in 2001 on an example of
aggregation-induced emission (AIE) (173,174). Recently, they
reported some possible mechanisms for this phenomena and pos-
sible applications of compounds showing AIE effect (175-178).

Most of the reported compounds which show this effect are
organic molecules (179-184), where restriction of intramolecular
rotation is generally accounted for being the main cause for AIE
(175,185). The enhancement is therefore mostly related to the
reduction of the nonradiative rate constant rising from the vibra-
tional and rotational mode of the appended groups to the
chromophores, which in the aggregates are strongly prevented.

However, few organometallic species based on Cu(I) (186), Zn
(II) (187), AI(III) (188), Pt(I1) (189-193), and Ir(III) (194-196) also
display color shift, switch on, or enhancement of their emission
efficiency upon aggregation. In these cases, several different
reasons were considered being involved in the AIE effect, namely
metallophilic interaction as in the cases of square-planar Pt(II)
complexes, giving rise to new excited state MMLCT) with larger
transition dipole moments associated to increasing radiative rate
constants, or n—n stacking of the coordinated ligand. Less com-
mon are Ir-based complexes, as the octahedral geometry around
the metal center rules out any possible Ir- - -Ir interaction, thus
the formation of intermolecular metal-to-ligand-ligand charge
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transfer, restriction of intramolecular relaxation, and establish-
ment of n—r interactions between the cyclometalated ligands in
the solid state were arguments to explain the enhancement of
the emission (195-197).

It is worth to note that crystalline compounds sometimes
proved to be more efficient emitters than their amorphous
counterparts, showing the influence of molecular packing on the
solid-state emission (177,198), thus providing optimal conditions
to investigate their photophysical properties and the influence of
aggregation. The availability of different crystalline phases
(polymorphs) of a luminescent molecule is the best example for
studying the relationship between crystal packing and optical
properties (188,199-205). In this respect, we recently reported
on two stable concomitant solid-state polymorphs (yellow and
orange) of the dinuclear complex [Res(u-Clho(CO)g(p-4,5-
(MesSi)opyridazine)] (Fig. 11), both showing photoluminescence
quantum yields (PLQYs, 0.52 and 0.56), almost one order of
magnitude higher than those in solution (206).

The compound belongs to the recently reported class of
dinuclear, luminescent Re(I) complexes of general formula
[Rea(u-Cl)2(CO)g(p-1,2-diazine)] (207,208), which display intense,
broad, and featureless emission in fluid solution from excited
state that can be consistently ascribed to a MLCT.

During the crystallization process, the concomitant formation
of two crystalline phases of the compound was observed. The con-
current existence of polymorphs provides a unique chance for
investigating the factors governing molecular packing. The emis-
sion spectra of the two crystalline phases for each single crystal
are shown in Fig. 11. As can be seen even by naked eye, the emis-
sion has different energies and such a strong shift is most likely
due to different local packing of the independent molecules in the
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Fic. 11. Left: chemical formula of the crystalline Re(I) complex; mid-
dle: images of the two polymorphs under the UV light; right: emission
spectra of the two crystalline phases upon excitation at 400 nm.
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two polymorphs and, in particular, to the different local organi-
zation of molecular dipoles.

Interestingly, both of the crystalline phases exhibit intense
photoluminescence (PLQY >0.50), with excited-state lifetimes
in the microsecond regime, suggesting that the emitting excited
state has an ®MLCT nature. Most likely, the restricted rotation
of the Me3Si groups in the crystals is responsible for the
enhancement of the emission with respect to the solution. This
statement is supported by the fact that similar dinuclear
complexes lacking the MesSi group possess such higher emission
quantum yields. This is the first time that intramolecular
motions of nonconjugated rotors quench the emission of a lumi-
nescent compound in solution.

These findings highlight how packing can strongly perturb the
photophysical properties of the molecules even in the absence of
particularly short interactions.

IV. Molecular Systems Based on Aggregates of d® Metal Complexes

The square-planar coordination geometry of d® complexes
opens many possibilities for the design of supramolecular
architectures. Their tendency toward aggregation and stacking
is a crucial feature to trigger self-assembling processes. The pref-
erential stacking geometry imposes a structural constraint that
frequently leads to filaments, rods, or needles. Depending on
the balance between stacking tendency and solvent affinity, soft
or crystalline materials can be obtained. In this sense, the selec-
tion of peripheral substituents facilitates a rational design strat-
egy for the manipulation of molecular entities. For instance,
balancing the aggregating nature of the square-planar coordina-
tion complex with solubilizing moieties of variable aspect ratios
and polarities can lead, alternatively, to liquid crystalline
structures (209-211), flexible fibers (212-216), and gelating
filaments (217-221). The substitution symmetry is a further
parameter to be considered for the controlled assembly, while
the intrinsic properties of the monomeric constituents can be
tuned by judicious choice of ligands.

As previously mentioned, the interaction between protruding,
doubly occupied dz? orbitals critically affects the photophysical
properties upon aggregate formation. Absorption and emission
of light, excited-state lifetimes, and redox properties are dramat-
ically affected. A particularly interesting feature is represented
by the possibility of tuning the distance between the monomeric
units and, consequently, the degree of electronic coupling
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between the interacting metal orbitals. The introduction of bridg-
ing or spacing ligands can tune the color of dimeric Pt(II)
complexes: bringing them closer causes a red-shifted absorption
and emission, while widely spaced units resemble the monomeric
species. It has been shown that they can form aggregates or even
excimers, causing shifts in the emitted wavelengths and affecting
the photoluminescence quantum yields (222,223). These tunable
properties and the fact that platinum complexes emit from a trip-
let state have been exploited in several optoelectronic
applications (224-232). Even though these aggregates can be
exploited for the construction of white organic light-emitting
diodes (233-236), it also constitutes a disadvantage for techno-
logical applications where color purity is desirable. Therefore,
controlling the aggregation and being able to predict and design
appropriate compounds with the desired properties are an
important step to fully exploit their potential for technological
purpose. We will highlight the most important achievement in
this area and try to correlate the chemical structures with the
observed photophysical behavior. We will discuss not only 1D,
2D and 3D architectures but also crystalline systems. An inter-
esting feature of the crystals is represented by vapochromism:
exposure to different solvents, which occupy cavities within the
framework, causes the unit cell to “breathe,” thus shifting the
distance between the metal centers. This variable interaction
can be employed for sensing purposes, due to the switchable
emission of the frameworks (237-244).

A. 1D ARRrAYS

Terpyridine, N "N "N ligands (245-249) and their N"C"N and
N "N "C analogues (250-257) have been successfully coordinated
to Pt(II), leading to neutral, mono- or doubly charged species,
which in some cases display bright luminescence, both in
degassed fluid solutions and frozen matrices. In particular, it
has been shown by Che et al. that they can form supramolecular
structures, such as nanowires, nanosheets, and polymeric
mesophases, with interesting optical properties (214-216,258).

As an example, cationic cyclometalated/terpyridyl platinum(II)
complexes bearing arylisocyanide/arylacetylide ligands possessing
highly emissive triplet MLCT or MMLCT excited states in solution
and in the solid state (214) have been investigated. The molecular
aggregation through Pt. - -Pt or ligand-ligand interactions is signif-
icant for these two classes of planar platinum(II) complexes, and
as they are robust toward moisture, air, and light irradiation
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and exhibit high-emission quantum yields, their use in electrically
driven devices has been exploited. The researchers demonstrated
that crystalline, waveguiding, semiconducting, and electrolumines-
cent nanowires can be self-assembled through extended intermolec-
ular interactions, and ambipolar organic, light-emitting field effect
transistor devices emitting in the red or NIR region have been
fabricated by solution processing (Fig. 12).

Che et al. (215) extended the assembly into aqueous
environments, describing the preparation of supramolecular
polyelectrolytes by self-organization of cationic organoplatinum
(IT) complexes in water through extended Pt - -Pt and hydropho-
bic interactions (Fig. 13). Aligned films and discrete uniaxial
microfibers with cofacial molecular orientations were readily pro-
duced with these phosphorescent viscoelastic mesophases.

Even more interesting are the crystalline, wheel-shaped super-
structures described by Che et al. (216), which grow through a
wire-to-wheel metamorphism process involving a ligand-substi-
tution reaction (Fig. 14). Organometallic molecules and non-
covalent intermolecular metal-metal and ligand-ligand
interactions were employed to construct submicrometer-sized
nonlinear superstructures. Due to the optoelectronic properties
of organoplatinum(II) complexes, novel mesoscopic applications
based on the superstructures could be envisaged. The interplay
between closed-shell Pt.--Pt interactions and electrostatic/Cou-
lombic interactions leads to the formation of organoplatinum(II)
superstructures with diverse morphologies. The preliminary
studies carried out have shown that the reported metamorphism
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Fic. 12. Molecular structure of Pt(I) complexes and their emission
in organic light-emitting field effect transistors. Reproduced with the
permission of Wiley-VCH, Ref. (214).
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Fic. 13. Self-assembly of ionic Pt(I) complexes in aqueous
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graphs are shown on the bottom. Reproduced with the permission of
Wiley-VCH (216).



PHOTOPHYSICS OF MOLECULAR ASSEMBLIES 77

process can tolerate chemical modification on the cyclometalated
ligand, which further expands the capabilities of such
assemblies.

This work could therefore trigger some interesting develop-
ments in the use of labile ligands which could induce conforma-
tional changes in nano/microstructures resulting in modulation
of mechanical properties.

Employing a rather different structural motif, Aida and
coworkers (212) successfully developed different types of nan-
otubes with walls of pyridine—platinum(II) coordination layers
by using pyridyl-appended hexabenzocoronene. The self-assem-
bling process was triggered by vapor diffusion or heat—cool
cycles. When the nanotubes were suspended in CH5Cl, solutions,
all of them disassembled into the corresponding monomers. In
contrast, the nanotube obtained by the coassembly with cross-
linking trans-[Pt(PhCN);Cl,] under heat—cool conditions was tol-
erant against dissociation. However, in the coassembly with
trans-[Pt(PhCN),Cls], the metal coordination could take place
both at an inter and intramolecular level (Fig. 15). Interestingly,
structure of the nanotubes affects the electrochemical properties
that depend on the degree of shielding of the metallic centers.

B. 2D Arravs

Che and coworkers (258) accomplished a further dimensional-
ity in free-standing and crystalline nanosheets self-assembled
from neutral pincer-type cyclometalated platinum(II) aryl
acetylides. The complexes in solid state display various colors,
depending on the substituent on the aryl acetylide ligand
(Fig. 16). When electron-withdrawing groups, electron-donating
groups, or neutral groups are introduced, the solid is bright yel-
low, deep red, or dark green in color, respectively. They showed
that these organoplatinum(Il) complexes can self-assemble into
nearly bidimensional nanostructures displaying near infrared
phosphorescence and light-modulated conductivity. The molecu-
lar organization in the nanosheets is due to orthogonal Pt---Pt
and C—H- - -n(C—C) interactions, highlighting that phosphores-
cent platinum complexes provide an entry to 2D supramolecular
nanomaterials with particular optoelectronic properties derived
from metal-metal interactions.

Yam et al. (259), however, employed platinum(Il) 2,6-bis(1-
alkylpyrazol-3-yl)pyridyl complexes with various chain lengths
of the alkyl groups on the nitrogen atom of the pyrazolyl units
to form stable and reproducible Langmuir—Blodgett films at the
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Fic. 15. Molecular structures and supramolecular assemblies
obtained under different conditions, as described by Aida et al. SEM
(a—d) and TEM (e-h) micrographs of the tubes are shown. Reproduced
with the permission of Wiley-VCH (212).
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Fic. 16. Structure—color correlation table of Pt(II) complexes (left).
The SEM image of a bottom-contact FET device with nanosheets as
semiconducting materials is shown (center). Transient conductivity
measurement of the FET device (right). The transient channel current
was recorded with a light switching on and off every 5 s in a 90-s period.
Reproduced with the permission of Wiley-VCH (258).
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Proposed structure of self-assembled films with n =14, and a chloride
replacing the acetylide anion (right). Reproduced with the permission
of Wiley-VCH (259).

air-water interface (Fig. 17). Surface pressure-area (p—-A)
isotherms, UV/vis spectroscopy, XRD, X-ray photoelectron spec-
troscopy, FTIR, and polarized IR spectroscopy, as well as lumi-
nescence properties in films were successfully investigated.
A 47-layer film of the complex with R=CgHs n=14 (see Fig. 17)
was found to exhibit a low-energy emission band at 693 nm,
which is indicative of the presence of Pt.--Pt interactions and/
or n—7 stacking as a result of the close molecular packing in the
ordered arrangement, as revealed by the characterization in
the p—A isotherm and XRD pattern. The origin of these low-
energy emission bands was tentatively assigned as MMLCT
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and excimeric emissions derived from the stacking of the
platinum(II) 2,6-bis(1-tetradecylpyrazol-3-yl)pyridyl moieties in
the film.

In a different approach, Bruce and coworkers (210) described
the preparation of liquid-crystalline derivatives of a N,C,N-Pt
(II) luminophore (Fig. 18). Interestingly, they found that emis-
sion in the liquid-crystal phase is characteristic of the monomeric
complex, while excimer-like emission normally characterizes
nonliquid-crystalline analogues. They showed that the emission
of pure films is responsive to both method of preparation and
tribological stimulation so that it is possible to switch in a
controllable manner between monomer- and excimer-like states.

Bruce et al. (211) also investigated the liquid crystalline
and luminescent properties of two rod-like, orthoplatinated
complexes bearing a -diketonate coligand (Fig. 19).

The parent ligands exhibit a rich, smectic polymorphism, but
when modified with a fused cyclopentene ring, nematic phases
dominate. Reaction of the ligands with tetrachloroplatinate(II)
leads to poorly soluble, dimeric complexes that can be cleaved
using dimethylsulfoxide; the resulting monomeric complexes
are then readily converted to the p-diketonate complexes. All of
the complexes are mesomorphic, and the B-diketonate complexes
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Fic. 18. Selected structure of Pt(II) complexes. For n=6, at room
temperature, top: real samples of pure films sandwiched between glass
slides; bottom: emission spectra (excitation at 420 nm). Left: fast cooled
from the LC phase after the texture is fully developed. Right: fast

cooled direct from the isotropic phase. Reproduced with the permission
of Wiley-VCH (210).
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Fic. 19. Orthoplatinated rod-like Pt(II) complexes. Reproduced with
the permission of the American Chemical Society (211).

have excited-state lifetimes of 27 ps with emission quantum
efficiencies exceeding 0.5. Intermolecular organization clearly
has a significant effect on emission characteristics. Thus, the
combination of emitter and liquid crystalline properties offers
control over the nature of the emission via the molecular organi-
zation. The high-luminescence efficiency coupled with the poten-
tial to align the complexes in the liquid crystal phase promises to
yield highly dichroic emission.

C. 3D NETWORKS

Low-molecular weight organo- or hydrogelators have been
widely investigated (260-265); the operating mechanism of gela-
tion has been identified as a supramolecular effect, where the
constituting fibers, usually of microscale lengths and nanoscale
diameters, are formed in solution predominantly by unidirec-
tional self-assembly of gelator molecules (266-269). The entan-
glement of many filaments gives a network that entraps the
solvent molecules within the compartments. In most cases, the
intermolecular interactions are electrostatic, hydrogen bonds
and n—n stacking and are induced by heating and cooling of the
solution and most recently by ultrasounds (270). We also have
demonstrated that gel formation in water can be induced by
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Fic. 20. Stable hydrogel is formed with terpyridine-type systems
upon application of ultrasound to the water solution. Left: picture of
the gel; right: SEM image of the gel and cartoon representation of pos-
sible stacking of the molecules to form 3D networks. The nature of the
gels can be modulated by the addition of metal ions. Reproduced with
the permission of the Royal Society of Chemistry (271).

ultrasounds, which constitutes a reversible process (271).
Figure 20 shows our findings based on the use of substituted
terpyridine ligands which are able to gelate in water even in
the presence of metal ions which can coordinate the tridentate
ligand. Emission can be observed from the gel depending on the
nature of the metal ions.

As supramolecular gels provide fibrous aggregates with long-
range order, they are heavily used in biology and medicine as
extracellular matrix, drug delivery, and cosmetics, but they could
be also of interest in the fields of optoelectronic devices and
sensors. In this context, organometallic gelators can display
multiple functionalities and properties which combine ligands
or organic fragments and metal ions which further can lead to
metal-metal interactions influencing their properties (272).
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Our interest not only in luminescent gels but also in the use of
metal complexes to monitor the gelation process started in 2007
(273). In these studies, gels were prepared by using alternatively
a carboxylate-based aliphatic gelator bearing adamantyl sub-
stituents, or an anisole-substituted oxalamide derivative. The
cohesion between the small molecules assembling into filaments
was given by hydrogen bonds, while the balance between the
hydrophobic or hydrophilic backbone bearing adamantane or
anisole moieties, respectively, determined the gelating ability
either in DMF or water. The gels were doped with an hemicaged
Eu(IIl) complex, which was retained in the cavities containing
the entrapped solvent, which was monitored by the excited-state
lifetime of the lanthanide complex. The red-emitting unit effec-
tively acted as a sensor of the solvent environment within the
gel. However, the self-assembly process yielding the hydrogel
was nicely probed with the aid of a Ru(I) complex, which is not
luminescent in aqueous environments. The luminescence was
turned on upon gelation, due to the fact that the organometallic
species intercalated into the hydrophobic pockets of the network,
thus allowing a highly sensitive monitoring of the self-assembly.

These findings constitute a basis for the use of luminescent
probes, able to change their properties upon solidification of the
systems, for the monitoring of bond forming and breaking in soft
materials. To make use of the luminescence switching effect
upon self-assembly, we developed a Pt(II) complex that by itself
is nonluminescent, but is able to stack into luminescent gelating
nanofibers (217). The neutral, soluble Pt(II) coordination com-
pound bears a dianionic tridentate, terpyridine-like ligand. The
coordination of an alkyl-pyridine ancillary moiety to the 2,6-bis-
tetrazolyl-pyridine-based complex enhanced the solution
processability.

The Pt(II) gelator is nonemissive in diluted solution. However,
in frozen CH5Cl; matrix at 77 K and in thin films, it displays a
bright unstructured luminescence centered at 570 nm and also
shows an intense absorption band around 420 nm, a feature that
is not present in solution at room temperature. The
photoluminescence quantum yield reaches up to 87%, and the
emission spectra do not depend on the excitation wavelength.
These results are particularly remarkable considering that Pt
(II) complexes usually show rather low-emission intensity and
strongly concentration-dependent emission due to aggregate or
excimer formation in the solid state and in thin film. The
photophysical characteristics unambiguously point toward
aggregation processes in the ground state that lead to excited
SMMLCT states, facilitated by the interaction between the axial
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dz? orbitals of the central Pt(II) atoms. In this case, this phenom-
enon only becomes evident in frozen matrix and in thin film
where aggregate formation is favored. Therefore, the turn on of
the bright luminescence upon aggregation can be employed to
monitor the assembling process with high sensitivity.

The formation of fibers in solution was clearly revealed by fluo-
rescence microscopy and scanning electron microscopy (see
Fig. 21). The fibers self-assemble in larger entangled structures
but their emission properties remain unchanged. Diffusion of
hexane into the colorless, nonemissive solution of the complex
in CHClg, affords a self-assembled yellow gel that appears highly
luminescent under UV irradiation (see Fig. 21, bottom right).
A close inspection by SEM revealed a 3D network of fibers
responsible for the structure of the emissive soft material, and
TEM analysis (see Fig. 21, bottom right) showed the interlocking
nature of the nanofibers. The spectroscopic features prove that
the gel is an extremely efficient emitter, with up to 90% emission
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Fic. 21. Top: schematic representation of the subsequent aggrega-
tion and gelation processes with the Pt(II) complex. Middle: fluores-
cence microscopy images of the aggregates, and (right) of the gel.
Bottom (left and center): SEM: micrographs of the self-assembled fibers
and TEM micrograph (bottom, right) of the self-assembled gel.
Reproduced with the permission of Wiley-VCH (217).
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quantum yield. The soft assembly also displays not only the
highest photoluminescence quantum yield and radiative rate
constant but also the lowest radiationless deactivation rate, if
compared with doped polymethylmetacrylate and neat films.
This points to the high degree of order within the filaments,
which favors radiative processes and minimizes nonradiative
pathways.

Self-assembly of Pt(II) complexes yielding luminescent liquid
crystals (210,211,274) and AIE (275-279) have been already
described, but metal complexes forming soft structures with such
intense phosphorescence are very rare.

Further, the use of aggregates to build up electroluminescent
devices is a new interesting strategy not only to develop novel
colors but also to take advantage of the AIE in real applications.
Therefore, we have explored the application of the Pt aggregates
in solution-processed OLED devices, showing high brightness
and good color purity (217).

Dotz et al. (218) developed robust functional organometallic
compounds as low-molecular mass gelators, with the aim to
introduce the unique properties of organopalladium catalysts
into organometallic gelators. They described a palladium pincer
bis(carbene) complex constituting an efficient organometallic
gelator for a variety of protic and aprotic organic solvents even
in concentrations as low as 0.2 wt% (Fig. 22). NMR spectroscopy
and X-ray diffraction studies indicated that n stacking of the
heteroarene moieties, van der Waals interactions between the
alkyl chains, and metal-metal interactions may be responsible
for the aggregation. It represents an air-stable organometallic
low-molecular mass gelator that is readily accessible from com-
mercial precursors and, moreover, reveals promising catalytic
activity in C—C bond formation even in the gel state.

The approach was further extended by the introduction of novel
pincer-type, pyridine-bridged bis(benzimidazolylidene)-palladium
complexes, which were synthesized reacting readily accessible com-
mercial precursors under microwave assistance (219). Despite the
simplicity of their structures, the carbene complexes constituted
low-molecular mass metallogelators (Fig. 23). They efficiently gel-
ate not only a broad variety of protic and aprotic organic solvents
but also different types of ionic liquids (such as imidazolium,
pyridinium, pyrazolidinium, piperidinium, and ammonium salts)
at concentrations as low as 0.5 mg mL™. The morphologies of the
resulting 3D gel networks composed of long and thin fibers were
studied by TEM and light microscopy for a selection of organic and
ionic liquids, showing that the achiral gelators assemble into helical
fibers. The thermal stability of the gel is enhanced at increasing
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Fic. 22. Structure of gelating Pd(II) complexes described by Dotz
et al. Selected TEM micrographs of gels obtained from different
solvents are shown. Reproduced with the permission of Wiley-VCH
(218).
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Fic. 23. Structure of gelating Pd(II) CNC pincer ligands and their
Pd(II) complexes described by Dotz et al. Selected dark-field optical
micrograph of a gel obtained with liquid crystals is shown. Reproduced
with the permission of Wiley-VCH (219).

concentrations of gelator, which was shown by thermoreversible
DSC studies. Temperature-dependent NMR and X-ray diffraction
experiments, as well as comparisons with analogues substituted
with shorter alkyl chains, suggested that the 3D networks
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are based on noncovalent interactions, such as m-stacking, van
der Waals forces, and hydrogen and metal-metal bonding. Pure
ionic liquids and those entrapped within the gels showed compa-
rably high conductivities, which renders pyridine-bridged bis
(benzimidazolylidene)-palladium pincer complexes as air-stable
metallogelators that efficiently immobilize ionic liquids in low
gelator concentrations indicating, apart from catalysis, their poten-
tial application in electrochemical devices.

Shinkai et al. (265), however, employed bidentate ligands to
produce planar, stacking complexes of Cu(Il), Pd(II), and Pt(II).
8-quinolinol/copper(II)-, palladium(II)-, and platinum(II)-chelate-
based organogelators and their nongelling reference compounds
were synthesized. The complexes gelated various organic
solvents at very low concentrations. Electron microscopy gave
visual images of well-developed fibrous structures characteristic
of low-molecular weight organogels. UV/vis and FTIR spectros-
copy revealed that the outstanding gelation ability arises from
the n—n interactions of the chelate moieties and the hydrogen-
bond interactions between the amide groups. The nanofibers
are evidently different depending on the electronic states of the
different central metals. The Pt gel shows unique thermo- and
solvatochromism of absorption and emission color in response
to a sol-gel transition (Fig. 24). Further, the Pt gel possesses
an attractive ability to avoid dioxygen quenching of excited
triplet states, which has a positive effect on the phosphorescence
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Fic. 24. Quinolinate metal complexes described by Shinkai et al.
Phosphorescence spectra and photographs of sol and gel phases of a
gelating Pt(IT) complex are shown, as well as a confocal scanning laser
microscopy micrograph of the gel. Reproduced with the permission of
Wiley-VCH (265).



88 CRISTIAN A. STRASSERT et al.

quantum yield, which is attributed to the isolation of the lumi-
nescent chelate from the oxygen dissolved in the liquid phase.
These findings consistently indicate that introduction of metal
chelates into the gel is one of the most effective strategies toward
a variety of photo- and electrochemical nanomaterials.

A last example refers to the complexes described by Yam et al.
(220). They have synthesized a series of alkynylplatinum(II)
terpyridyl complexes and investigated their electrochemical,
photophysical, and luminescence properties. Some of the
complexes were found to exhibit stable thermotropic metallogels
in organic solvents and were morphologically characterized by
transmission electron microscopy and scanning electron micros-
copy (Fig. 25). One of them showed drastic color changes from a
deep-purple gel to an orange sol during the gel-to-sol phase tran-
sition. In the variable temperature UV—vis absorption study of a
DMSO gel, the MMLCT absorption shoulder at 580 nm dis-
appears completely above the sol-gel phase-transition tempera-
ture (Tg), indicating that Pt---Pt and n—n interactions are
involved in the process of metallogelation and are completely
destroyed in the sol form at elevated temperature. This is further
supported by the observation of the complete switching off of the
SMMLCT emission at 780 nm at Tge1. The DMSO metallogels
also displayed different colors, with different UV—vis and emis-
sion spectral traces depending on the nature of the counter
anions, which governs the degree of aggregation and the extent
of Pt---Pt and n—r interactions in the gel phases, which results
in the formation of different supramolecular architectures.
The systematic study of these alkynylplatinum (II) terpyridyl
complexes has led to a better understanding of the factors
that direct the gel-formation properties. Longer hydrocarbon
chains are found to enhance solubility in most common organic
solvents hindering the formation of stable metallogels, whereas
bulky tert-butyl substituents on the terpyridyl ligand forms
less stable metallogels, as reflected by its higher critical
gelation concentration and lower sol-gel transition temperature
than the unsubstituted terpyridyl analogue. Metal-metal
and n—n interactions have also been established to play impor-
tant roles in the stabilization of these metallogels. This
demonstrates the subtle interplay of factors influencing the
formation and stability of these metallogels and shows that
with modifications of the ligands as well as variation of the
organic solvents, the electronic absorption, and luminescence
properties could readily be tuned.
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Fic. 25. General structure of gelating terpyridine-based Pt(II)
gelators described by Yam et al. TEM (left) and SEM (right) images of
selected xerogels prepared from a DMSO gel (top), and a benzene gel
(bottom). Reproduced with the permission of the American Chemical
Society (220).

In a further step, Yam and coworkers constructed helical
superstructures employing chiral alkynylplatinum(II)-terpyridyl
complexes, obtaining metallogels that show helical fibrous
nanostructures. The chiral supramolecular structure and the
spectroscopic properties depend on the extent of aggregation
through Pt.--Pt and n—n interactions, which can be influenced
by varying the nature of counteranions, as revealed by UV/vis,
circular dichroism, and luminescence studies (221).
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D. CRYSTALLINE ASSEMBLIES

Eisenberg et al. (240) reported a Pt(II) terpyridine complex
bearing a nicotinamide moiety. The complex is brightly lumines-
cent in the solid state at room temperature exhibiting a remark-
able reversible vapochromic behavior and crystallographic
change in the presence of several volatile organic solvents
(Fig. 26). Upon exposure to methanol vapors, it shifts color from
red to orange, and a displacement to higher energy is observed in
the emission maximum with an increase in excited-state lifetime
and emission intensity. The crystal and molecular structures of
the orange and red forms, determined by single-crystal X-ray dif-
fraction on the same single crystal, were equivalent at molecular
level and only modestly different in terms of packing. In both
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Fi1c. 26. Pt(II) complex displaying reversible color and luminescence
switching after exposure to MeOH vapor, as described by Eisenberg
et al. Reproduced with the permission of the American Chemical
Society (240).
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forms, the complex possesses a distorted square-planar geome-
try. Investigation of the orange form's crystal packing revealed
the presence of solvent molecules in lattice voids, with Pt.--Pt
distances averaging 3.75 A and a zigzag arrangement between
nearest neighbor metal centers. However, the red form is devoid
of solvent within the crystal lattice and contains complexes
stacked with an almost linear arrangement of Pt(II) ions having
an average distance of 3.33 A. These results evidently demon-
strate that sorption of methanol vapor induces a change in inter-
molecular contacts and Pt- - -Pt 1nteract10ns in going from red to
orange. Disruption of the d®~d® interactions shifts the emlttlng
state from a triplet MMLCT state in the red form to one in which
the HOMO corresponds to a more localized metal orbital in the
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Fic. 27. Top left: image of the device. Inset: luminescence image of
microwires. Top right: I-V curves of microwires produced by slow evap-
oration (red line) and dip-and-pull approach (black line). Bottom left:
schematic diagram of the device used for the detection of light. Bottom
right: photocurrent of the device (excitation wavelength: 450 nm),
which can be switched on/off rapidly by illumination under voltage bias
of 0.5 V. Reproduced with the permission of the Royal Society of Chem-
istry (244).
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orange form (triplet MLCT). Further, the complex displays a
selective and fully reversible vapochromic response to MeOH,
CH3CN, and pyridine.

Che and coworkers (244) went a step further and made use of
the vaporesponsive behavior in optoelectronic devices. Semicon-
ducting microwires of [Pt(CN-tBu)o(CN)s] were obtained on
substrates by solvent evaporation or dip-and-pull approaches,
showing photo- and vapor-responsive conducting characteristics.
The characterization of photoresponsive transistors employing
the above-mentioned microwires revealed that the microwires
constitute ambipolar semiconducting materials (Fig. 27).
The photoinduced conducting characteristics suggest that the
assembled complex possesses stimuli-responsive features with
potential applications in semiconductor devices, such as
photodetectors. Interestingly, the exposure to different
environments can markedly affect the conductivity.

Changes in the crystal structure can be also triggered by
mechanical stimuli, as elegantly shown by Shinozaki et al.
(243). The mechanochemical behavior of Pt(IT) complexes bearing
cyclometallating tridentate ligands was investigated in terms of
solid-state luminescence. The yellow luminescence of the crystal-
line complex changed to orange when grinded into fine powder
(Fig. 28). A broad emission band, which was not detected for
the crystal, was observed in the red region of the electromagnetic
spectrum for the powder. The phenomenon was very similar to
the excimer formation observed in solution. The excimeric state
formation is facilitated by the mechanical grinding, and it is
described by the quantum chemical mixing of ground and excited
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Fic. 28. Mechanoresponsive Pt(II) complex described by Shinozaki
et al., which changes color and luminescence upon grinding. Reproduced
with the permission of the American Chemical Society (243).
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electronic states that depend on the distance between the com-
plex molecules. Such crystalline materials could find applications
in mechanical sensing.

V. Conclusions and Open Questions

In conclusion, the number of functional aggregates in which
new properties are generated by the assembly process is already
very large and growing every day. We have shown that it is pos-
sible or potentially achievable to modulate optical properties,
catalytic activity, conductivity, magnetic and mechanical pro-
perties and to have sensing behavior. The role played by the lig-
ands coordinated to the metal ions and the solvents in which the
assemblies are formed are key parameters for the interactions
within aggregates. In fact, a clever design of the organometallic
species can lead to aggregates with emerging properties and
novel functions that can be reversibly and dynamically tuned.
This behavior resembles the dynamic nature of living systems
able to self-organize and adapt in different environments. The
question is how much we can rationalize the behavior and pre-
dict the soft structures on the basis of the molecular design.
Can we foresee that also with metal complexes we are able to
interconvert from a soft structure, for example, micelle to
another one, for example, fibers or gels by an external input?
How far could we go in studying the interactions of such respon-
sive (nano)structures with others, for example, recognition of bio-
molecules, creation of artificial patterned surfaces, multicatalytic
sites using different activatable catalysts? How many different
metal complexes acting as energy and electron donor or acceptor
species could we organize, for instance, to realize an artificial
noncovalent light-harvesting system? Could we have crystalline
materials in which we could use the metal complex framework
to perform photoinduced multiredox reactions inside the
cavities?

Many more questions will arise from the development of this
fascinating area combining functional chemical structures and
intermolecular interactions. Further, looking at interface pro-
blems will be made possible with suitable model systems, and
the construction of organic and inorganic hybrid assemblies. We
are aware that many scientists all over the world are working
on such problems and have answered to some of our questions.
And for those who are entering the field, we believe that there
are so many exciting systems to create and to study that we will
have to write several more book chapters.
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ABSTRACT

Combinations of suitably chosen metal ions and dendritic lig-
ands may lead to giant metal complexes that display interesting
spectroscopic properties, particularly as far as luminescence is
concerned. This chapter illustrates some fundamental aspects
of the interaction of light with dendrimers and then reviews
results obtained with dendrimers (i) containing one or more
metal complexes as branching centers or as a core, (i1) capable
of coordinating one or more metal ions in their cavities, (iii)
assembled around metal ions without or with other ligands.
The study of the luminescent properties reveals that these com-
pounds can be useful for several purposes, including light
harvesting, sensing with signal amplification, conversion of the
absorbed light into emitted light of quite different wavelengths
(e.g., UV light into IR light), and information processing.
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I. Dendrimers: A New Class of Ligands

Dendrimers (1) are macromolecules that exhibit a defined
structure and not only a high degree of order but also a high
degree of complexity. From a topological viewpoint, dendrimers
contain three different regions: core, branches, and surface
(Fig. 1). A most important feature of dendrimer chemistry is
the possibility to insert selected chemical units in predetermined
sites of their architecture. Further, because of their three-dimen-
sional structure, dendrimers exhibit internal dynamic cavities
where ions or molecules can be hosted.

Dendrimers were initially developed in the field of organic
chemistry. More recently, a number of dendrimers based on or
containing metal ions have been prepared and investigated.
The study of these species has considerably expanded the scope
of metal coordination chemistry.

By using dendrimers, it is possible to construct large nano-
objects capable of performing complex functionalities that derive
from the integration of the specific properties of the constituent
moieties. Nowadays both chemistry and physics of dendritic

Branches

Surface

Fic. 1. Schematic representation of a dendrimer, evidencing three
different regions: core, branches, and surface.
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molecules are rapidly expanding for fundamental research as
well as for technological applications (2).

Dendrimers are ideal scaffolds to organize many luminescent
units in a restricted space according to a predetermined pattern.
Because of their proximity, the various functional groups of a
dendrimer can easily give rise to energy- and electron-transfer
processes with one another, or with molecules or ions hosted in
the dendritic cavities or associated to the dendrimer surface (3).

Combination of the chemistry of metal ions with the chemistry
of dendrimers can lead to a great variety of novel compounds.
In this chapter, we will deal with six exemplifying cases (Fig. 2)
belonging to three classes of compounds, namely,

(a) (b)

Fic. 2. Schematic representation of the six cases of metal complexes
with dendritic ligands: dendrimers containing one (a) or more (b) metal
complexes (hexagons) as branching centers; dendrimers capable of
coordinating one (¢) or multiple (d) metal ions (circles); dendrimers
assembled around metal ions without (e) or with (f) other ligands (L—L).
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— dendrimers with one or more metal complexes as branching
centers (Fig. 2a and b);

— dendrimers capable of coordinating one or more metal ions in
their cavities (Fig. 2c and d);

— dendrimers assembled around metal ions without or with
other ligands (Fig. 2e and f).

We will focus on the remarkable luminescent properties of
selected examples of compounds belonging to the above-mentioned
categories.

For the sake of simplicity, electronic transitions in metal
complexes are usually classified on the basis of the predominant
localization, on the metal or on the ligand(s), of the molecular
orbitals involved in the transition (4). This assumption leads
to the well-known classification of the electronic excited states
of metal complexes into three types, namely, metal-centered
(MC), ligand-centered (LC), and charge-transfer (CT). The CT
excited states can be further classified as ligand-to-metal
charge-transfer (LMCT) and metal-to-ligand charge-transfer
(MLCT).

Il. Intrinsic Photochemical and Photophysical Properties of
Organic Dendrimers

Organic dendrimers are constituted by molecular components
that can absorb light and, often, undergo luminescence. It is
therefore worthwhile recalling some fundamental aspects of the
processes that follow light excitation of an organic molecule and
then the complications that may arise because of the interactions
among nearby molecular components.

Figure 3a shows a schematic energy level diagram for a mole-
cule that could be a chromophoric and luminescent unit of an
organic dendrimer. In most cases, the ground state of a molecule
is a singlet state (Sg), and the excited states are either singlets
(S1, Sa, etc.) or triplets (T, T, etc.). In principle, transitions
between states having the same spin value are allowed, whereas
those between states of different spin are forbidden. Therefore,
the electronic absorption bands observed in the UV—visible spec-
trum of molecules usually correspond to Sy— S, transitions.
When a molecule is excited to upper singlet excited states, it usu-
ally undergoes a fast and 100% efficient radiationless deactiva-
tion (internal conversion, ic) to the lowest excited singlet, S;.
Such an excited state undergoes deactivation via three compet-
ing processes: nonradiative decay to the ground state (internal
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(a)

E
821_—
100 % efficiency
K,
b et _ A-*
(b) "AB A—*B
kg
1 or other
A*-B- quenching
processes
Y
A-B

Fic. 3. (a) Schematic energy level diagram for a generic molecule.
For more details, see text. (b) Schematic deactivation processes of an
excited state in a supramolecular species.

conversion, rate constant k;.); radiative decay to the ground state
(fluorescence, kgq); conversion to the lowest triplet state T,
(intersystem crossing, k;..). In its turn, 7'; can undergo deactiva-
tion via nonradiative (intersystem crossing, k';.) or radiative
(phosphorescence, ky,) decay to the ground state Sy.
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The kinetic constants of the deactivation processes usually can-
not be measured directly. What can be easily measured is the
lifetime (1) of an excited state:

1

") = G o
1
) = o) @

The orders of magnitude of 7(S;) and ©(T;) are approximately
107 °-10~ 7 and 10~ °-10° s, respectively.
Other quantities that can be measured are the quantum yields
of fluorescence and phosphorescence:
ka
b —
f (kic + kﬂ + kisc)

(3)

kon k;
@ — P 1SC 4
ph [(kqsﬁkph)} x [(kic+kﬂ+kisc>} )

Deactivation of an excited state in fluid solution can occur not
only by the above-mentioned intrinsic (first order) decay
channels but also by interaction with other species (called
“quenchers”) following second order kinetics. The two most
important types of interactions are those leading to energy
(Eq. 6) or electron (Eqs. 7 and 8) transfer (*A and *B stand for
excited molecules):

A+hv—'A (5)

‘A+B — A+'B (6)
‘A+B — A*+ B~ (7)
‘A+B - A+ BF (8)

In both cases, the luminescence of the species A is quenched,
and in the case of energy transfer, it can be replaced by the lumi-
nescence of species B (sensitization process). In dendrimers,
energy- and electron-transfer processes can also occur among
nearby molecular components incorporated in the dendrimer
structure. For example, in a dendrimer containing A and B com-
ponent units, excitation of A may be followed by energy (Eq. 10)
or electron (Egs. 11 and 12) transfer to B (5) (Fig. 3b):
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A-B+hv—+"A—B 9)

‘A-B—A-"B (10)
‘A-B A" —B" (11)
‘A-B—A —B' (12)

These types of processes can also occur between molecular
components of a dendrimer and molecules or ions hosted in the
dendritic cavities or associated to the dendrimer surface. Particu-
larly interesting is the case in which a dendrimer light absorption
by a component A is followed by energy transfer to a luminescent
component B (Egs. 9 and 10). The quantum yield of the sensitized
emission of B, &, is given by the product of the efficiency 7 of
energy transfer from *A to B and the emission quantum yield of
B upon direct excitation of this component, @:5,

gDsens:netQD*B (13)

o ket
et = ooy + 1/7 + Fa)

(14)

where k. is the first order rate constant for energy transfer from
*A to B (Eq. 10), 7 is the intrinsic lifetime of the relevant (z(S;) or
1(T1), Egs. 1 and 2) excited state of A involved in the process, and
kg is the rate constant of other deactivation processes that com-
pete with energy transfer (e.g., electron transfer, Eqs. 11 and 12).

Energy transfer requires electronic interactions and therefore
its rate decreases with increasing distance, r. Depending on the
electronic interaction mechanism, the distance dependence may
follow a 1/r® (resonance, also called Férster-type, mechanism) or
e " (exchange, also called Dexter-type, mechanism) (6). In both
cases, energy transfer is favored when the emission spectrum of
the donor overlaps the absorption spectrum of the acceptor.

For a more exhaustive discussion on photo-induced energy
and electron transfer in supramolecular systems, please refer to
Refs. (5-7).

Quenching of an excited state by electron transfer needs elec-
tronic interaction between the two partners and obeys the same
rules as electron transfer between ground state molecules
(Marcus equation and related quantum mechanical elaborations
(7)), taking into account that the excited-state energy can be
used, to a first approximation, as an extra free energy contribu-
tion for the occurrence of both oxidation and reduction processes.
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When an excited state of a molecule undergoes strong elec-
tronic interaction with a nearby ground state molecule, new
chemical species originate, which are called excimers (from
excited dimers) or exciplexes (from excited complexes), depending
on whether the two interacting units have the same or different
chemical nature (Fig. 4a). It is important to notice that excimer
and exciplex formation is a reversible process and that both
excimers and exciplexes sometimes (but not always!) can give
luminescence (Fig. 4b). Compared with the “monomer” emission,
the emission of an excimer or exciplex is always displaced to
lower energy (longer wavelengths) and usually corresponds to a
broad and rather weak band.

Excimers are usually obtained when an excited state of an aro-
matic molecule interacts with the ground state of a molecule of
the same type. Exciplexes are obtained when an electron donor
(acceptor) excited state interacts with an electron acceptor

(@)

B
Exciplex
interaction A
*A\_/‘
Excimer
interaction
(b) 7 A-*A-B
....... \_
Al
g | .'~. "-,_‘
“[A-A]-B I
excimer I
. . ‘\ )
\ I A—*[A-B]
8 ' hy exciplex
hv’ \\ | hv”
N s \%
N * 4
A

Fic. 4. Schematic (a) representation of excimer and exciplex forma-
tion in a dendrimer and (b) energy level diagram showing the three
types of emissions that can result.
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(donor) ground state molecule; for example, between excited
states of aromatic molecules (electron acceptors) and amines
(electron donors). In dendrimers containing a variety of compo-
nents, both exciplex and excimer formation can take place (see
e.g., Refs. (8,9)). In such a case, as many as three different types
of luminescence can be observed, namely, “monomer” emission,
exciplex emission, and excimer emission (Fig. 4b).

If there is a nonnegligible electronic interaction between adja-
cent chromophoric units already in the ground state, the absorp-
tion spectrum of the species may substantially differ from the
sum of the absorption spectra of the component units. When
the units have the same chemical nature, the interaction leads
to formation of dimers. When the two units are different, the
interaction is usually CT in nature with formation of CT
complexes. Excitation of such dimers leads to an excited state
that is substantially the same as the corresponding excimers,
and excitation of the CT ground state complexes leads to an
excited state that is substantially the same as that of the
corresponding exciplexes.

[ll. Dendrimers with One or More Metal Complexes as
Branching Centers

In this section, we will describe selected examples in which
metal complexes constitute the core (Fig. 2a) or the branching
points (Fig. 2b) of the dendritic architecture. Therefore, the den-
drimer does not exist by itself as a ligand.

A. A MgtaL CoMPLEX AS CORE

Dendrimer 12" (Fig. 5) is a classical example of a dendrimer
built around a metal complex core. In this compound, the 2,2'-
bipyridine ligands, that constitute the first coordination sphere
of the Ru®" ion, carry branches containing 1,3-dimethoxybenzene
and 2-naphthyl chromophoric units separated by aliphatic con-
nectors (10). Since the interchromophoric interactions are weak,
the absorption spectrum of 12 is substantially equal to the sum-
mation of the spectra of [Ru(bpy)s]®", which is characterized by a
broad spin-allowed Ru—bpy metal-to-ligand (MLCT) band
around 450 nm (11), and of the chromophoric groups contained
in the branches, which show very intense bands in the near UV
region.
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12+

Fic. 5. Formula of a dendrimer with a [Ru(bpy)s]®>" core, and the
corresponding scheme (Fig. 2a).

It should be noted that the 1,3-dimethoxybenzene and 2-
naphthyl chromophoric units contained in the branches of the
dendrimer are not involved in metal coordination. In some way,
they belong to a second coordination sphere. If 12" is considered
a large metal complex, the absorption and emission bands of the
1,3-dimethoxybenzene and 2-naphthyl chromophoric units can
formally be classified as LC. However, 1> can be more properly
viewed as a supramolecular (multicomponent) species (12). In
such species, each chromophoric unit displays its own absorption
spectrum since there is no appreciable interactions among them
in the ground state, but in the excited state even weak
interactions can cause intercomponent energy or electron-trans-
fer processes. This kind of reasoning can also be applied to all
the other systems discussed in this chapter.

The lowest excited state of dendrimer 12" is an *MLCT level of
the [Ru(bpy)s]®" unit; because of the presence of the heavy metal
atom, this level is populated with unitary efficiency from the
upper lying 'MLCT excited state. All the three types of chro-
mophoric groups present in the dendrimer, namely, [Ru(bpy)s]®",
dimethoxybenzene, and naphthalene, are potentially lumines-
cent species. In dendrimer 12", however, the UV fluorescence of
the dimethoxybenzene- and naphthyl-type units is almost
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completely quenched with concomitant sensitization of the
orange [Ru(bpy)s]®?" phosphorescence (Ayax=610nm). These
results show that energy-transfer processes with very high effi-
ciency (ca. 90%) take place from the very short lived (nanosecond
time scale) potentially fluorescent excited states of the aromatic
units of the wedges to the relatively long lived (microsecond time
scale) MLCT level of metal-based dendritic core. Dendrimer 12+
is therefore an example of a light-harvesting antenna system, as
well as of a species capable of changing the color of the incident
light. It should also be noted that in aerated solution, the phos-
phorescence intensity of the [Ru(bpy)s]>" dendritic core is more
than twice intense as that of the “free” [Ru(bpy)s]®* parent com-
pound because the dendrimer branches protect the core from
dioxygen quenching (13).

Alight-harvesting antenna based on the same chromophores has
been obtained by a proton-driven self-assembly of the [Ru(bpy)
(CN)4)?> complex and a dendrimer containing a 1,4,8,11-
tetraazacyclotetradecane (cyclam) core appended with four den-
drons identical to that of compound 1% (14). In the self-assembled
structure, the two protons are shared between the cyclam core and
the cyanide ligand of the Ru(II) complex. The advantage of the
present system is the possibility of tuning the emission wave-
length by careful choice of a different metal complex without a
time-consuming synthesis of a new dendrimer.

B. DeNDRIMERS WITH METAL COMPLEXES AS BRANCHING CENTERS

In dendrimers with metal complexes as branching centers
(Fig. 2b), a key role is played by polytopic-chelating ligands (the
bridging ligands), which can coordinate more than a single metal
center and control the shape of the polynuclear array and the
electronic interaction between metal chromophores, thereby
allowing for intercomponent energy or electron-transfer
processes.

Among such type of dendrimers, an important family is based
on the 2,3-bis(2'-pyridyl) pyrazine (dpp) bridging ligand. Within
such a family, the largest species contains 22 metal centers
(15). The decanuclear compound 2 shown in Fig. 6 is a second-
generation dendrimer of this family (16). For the dendrimers of
this series, the modular synthetic strategy allows a high degree
of synthetic control in terms of the nature and position of metal
centers, bridging ligands, and terminal ligands. Since the
excited-state level of each metal center in the dendrimer depends
on the nature of the metal, its coordination sphere (which in its



116 VINCENZO BALZANT et al.

7\

Fic. 6. Formula of a decanuclear Ru®>" metal complex with 2,3-bis
(2'-pyridyl) pyrazine (dpp) bridging ligands and 2,2'- bipyridine (bpy)
peripheral ligands, and the corresponding scheme (Fig. 2b).

turn depends on the metal position, inner or outer, within the
dendritic array), and the ligands, each metal-based subunit is
characterized by specific excited-state properties, which because
of the symmetry of the dendritic structure are usually identical
for each metal-based subunit belonging to the same dendritic
layer. Therefore, a judicious design allows that the synthetic con-
trol translates into control on specific properties, such as the
direction of electronic energy flow within the dendritic array
(antenna effect) (17). For example, in the complex shown in Fig. 6,
the lowest excited-state level involves the peripheral subunit(s),
and the emission of the species (acetonitrile, room temperature:
Imax="780nm; 1=60ns; P.,=3x1073) is assigned to a
(bpy)oRu— p-dpp CT triplet state (16). Excitation spectroscopy
indicates that quantitative energy transfer takes place from
inner subunits to the peripheral ones (16). Because of the energy
gradient between the dendritic layers, the energy transfer is
ultrafast (femtosecond timescale). On the basis of the above dis-
cussion, it is not surprising that all the homometallic dendrimers
of the same family, independent of the number of Ru subunits
(i.e., tetranuclear (18), decanuclear (15), docosanuclear (16), as
well as hexanuclear (19), heptanuclear (20), and tridecanuclear
species (21), which have particular connections/geometries)
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exhibit practically identical photophysical properties, since the
lowest energy subunit(s) is in all the cases the identical periph-
eral (bpy)sRu— p-dpp CT state(s).

For heterometallic species, on increasing nuclearity, an unidi-
rectional gradient (center-to-periphery or vice versa) for energy
transfer is hardly obtained with only two types of metals (com-
monly, Ru(Il) and Os(II)) and ligands (bpy and 2,3-dpp). In fact,
by using a divergent synthetic approach starting from a metal-
based core, it becomes unavoidable that metal-based building
blocks with high-energy excited states (high-energy subunits)
are interposed between donor and acceptor subunits of the
energy-transfer processes (17). For example, while in the tetra-
nuclear Os[(p-dpp)Ru(bpy)ols®™ (OsRus) species, in which a
central {Os(u-dpp)s}®*" subunit is surrounded by three {Ru
(bpy)2}>" subunits, only the osmium-based core emission is
obtained (acetonitrile, room temperature: A,.,=860nm,;
1=18ns; Pon=1x10"3) (22), indicating quantitative energy
transfer from the peripheral Ru-based chromophore to the
center Os-based site, for the larger systems peripheral Ru-based
emission is not quenched (17). This highlights that although
downhill or even isoergonic energy transfer between nearby
building blocks in the dendrimers based on 2,3-dpp bridging
ligand is fast and efficient, direct downhill energy transfer
between partners separated by high-energy subunits is much
slower and can be highly inefficient. This problem has been over-
come (i) by using a third type of metal center, namely, a Pt(II)
one, to prepare decanuclear species (second-generation
dendrimers) having different metal centers in each “generation”
layer (schematically, OsRusPtg species) (23) or, more recently,
(i1) in a heptanuclear dendron where the barrier made of high-
energy subunits is bypassed via the occurrence of consecutive
electron-transfer steps (24). Quite interestingly, this latter study
also suggests that long-range photo-induced electron-transfer
processes do not appear to be dramatically slowed down by inter-
posed high-energy subunits in this class of dendrimers.

IV. Coordination of Metal lons Inside Dendrimers

Dendrimers containing coordination sites (e.g., amine, amide
groups) in their structure can act as ligands of metal ions. We
can distinguish dendrimers containing a single coordination site,
for example, in the core (Fig. 2¢), or multiple coordination sites in
the branches (Fig. 2d).
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For historical reasons, examples of case 2d, containing multi-
ple amine or amide groups in their branches, will be discussed
first. These types of dendrimers give rise to metal complexes of
variable stoichiometry and unknown structures since they con-
tain several more or less equivalent ligand units and not well-
defined coordination sites.

A. DENDRIMERS WITH MULTIPLE COORDINATION SITES

A.1. Amide coordinating units

Dendrimer 3 (Fig. 7), which is based on a benzene core
branched in the 1, 3, and 5 positions, contains 18 amide groups
in its branches and 24 chromophoric dansyl units in the periph-
ery. It is well known that, in sufficiently basic solution, amide
groups (25), including the dansylamide units (26) can undergo
deprotonation and coordination of transition metal ions. The
dansyl units show strong absorption bands in the near UV
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Fic. 7. Formula of a dendrimer containing 18 amide groups in its
branches and 24 chromophoric dansyl units in the periphery, capable
of coordinating metal ions (Co®", Ni®", or lanthanide ions), and the
corresponding scheme (Fig. 2d).
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spectral region and an intense fluorescence band in the visible
region. In acetonitrile/dichloromethane (5:1, v/v) solution, the
absorption spectrum and the fluorescence properties of the den-
drimer are those expected for a species containing 24 noninter-
acting dansyl units (27). Upon addition of Co®" or NiZ* ions to
a solution of 3 in the presence of a weak base, the absorption
band of the dansyl units did not show any appreciable change,
but a strong static quenching of the dansyl fluorescence was
observed (27). These results indicate that the metal ions are coor-
dinated by the aliphatic amide units and can quench the dansyl
fluorescent excited state by energy or electron transfer. Under
conditions in which each dendrimer can coordinate no more than
a single metal ion (Fig. 2c), about 9 out of 24 dansyl units are
quenched.

Investigations have also been performed (28) by using lantha-
nide ions since amide groups are known to be good ligands for
such metal ions (29). Addition of lanthanide ions to solutions con-
taining dendrimer 3 showed that (28) (a) the absorption spec-
trum of the dendrimer is almost unaffected; (b) the fluorescence
of the dansyl units is quenched; (c) the quenching effect is
very large for Nd®>" and Eu®", moderate for Er®" and Yb3*, small
for Tb®", and very small for Gd3*; (d) in the case of Nd3*, Er®",
and Yb®", the quenching of the dansyl fluorescence is
accompanied by the sensitized near-infrared emission of the lan-
thanide ion. Interpretation of the results obtained on the basis of
the energy levels (Fig. 8) and redox potentials of the dansyl unit
and of the metal ions has led to the following conclusions: (i) at
low metal ion concentrations, each dendrimer hosts only one
metal ion (Fig. 2e); (ii) the very small quenching effect observed
for Gd®" is assigned to charge perturbation of the S; dansyl
excited state, indicating that the effect on intersystem crossing
is small, if any; (iii) when the hosted metal ion is Nd®>" or Eu®",
all the 24 dansyl units of the dendrimer are quenched with uni-
tary efficiency; (iv) quenching by Nd®>" and Er®" takes place by
direct energy transfer from the fluorescent (S;) excited state of
dansyl to a manifold of Nd®>" energy levels, followed by sensitized
near-infrared emission from the metal ion (J,,x=1064 nm for
Nd3* and Apax=1525 for Er®"); (v) quenching by Eu®" does not
lead to any sensitized emission since the lowest excited state of
the system is a nonemissive electron-transfer excited state; upon
protonation of the dansyl units, however, the electron-transfer
excited state moves to very high energy, and at 77 K, a sensitized
Eu®" emission is observed. Since the sensitization is not
accompanied by quenching of the protonated dansyl fluorescence,
energy transfer originates from the T; excited state of the
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Fic. 8. Energy level diagrams for the dansyl units of dendrimer 3
and the investigated lanthanide ions. The position of the triplet excited
state of 3 is uncertain because no phosphorescence can be observed.

protonated dansyl units; (vi) in the case of Yb3*, the sensitization
of the near-infrared MC emission occurs via the intermediate for-
mation of a dansyl to Yb®" electron-transfer excited state; at
77 K the electron-transfer excited state moves to higher energy,
thus preventing the population of the Yb®" emlttmg excited
state; (vii) the small quenching effect observed for Tb®" is partly
caused by a direct energy transfer from the fluorescent (S;)
excited state of dansyl; on protonatlon of the dansyl units, a
strong Tb®" sensitized emission is observed at 77 K, originating
from the T excited state of the protonated dansyl units.

An extension of the present work has recently been published
(30), in which a supramolecular system constituted by ﬁve lumi-
nescent components, namely, one dendrimer 3, two Nd3" ions,
and two molecular clips, have been assembled in solution Wlth
light-harvesting properties.

A.2. Amine coordinating units

Dendrimers of the poly(propylene amine) family can be easily
functionalized in the periphery with luminescent units such as
dansyl (31). The resulting dendrimers nD where the generatlon
number n goes from 1 to 5, comprise 2 (nt1 dansyl functions in
the periphery and 2"V 2 tertiary amine units in the interior.
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F1c. 9. Formula of a dendrimer constituted by a poly(propylene amine)
structure functionalized with 32 dansyl units at the periphery, capable of
coordinating Co®" ions, and the corresponding scheme (Fig. 2d).

Compound 4 (Fig. 9) is the fourth generation dendrimer 4D that
contains 30 tertiary amine units and 32 dansyl functions. The
dansyl units behave independently from one another so that
these dendrimers display light absorption and emission pro-
perties characteristic of the dansyl chromophoric group. Because
of the presence of the aliphatic amine groups in their interior,
these dendrimers can be used as ligands for transition metal
ions. It should be noted that the dansyl units are not involved
in metal coordination, so that, as we have seen in Section IV.
A.1, they may be considered as components of a second coordina-
tion sphere covalently linked to the amine ligands that constitute
the first coordination sphere of the metal ions. Therefore, the
absorption and emission bands of dansyl can be classified as
LC, but as discussed above, it is convenient to consider the metal
complexes of 4 and of the related dendrimers as supramolecular
species where the component chromophoric units do not interact
in the ground state but excited-state interactions can lead to
intercomponent energy and electron-transfer processes.

The titration of these dansyl-functionalized dendrimers with
Co?" ions has been carefully investigated (32). For comparison
purposes, the behavior of a monodansyl reference compound
has also been studied. The results obtained have shown that
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(i) the absorption and fluorescence spectra of a monodansyl refer-
ence compound are not affected by addition of Co?" ions; (ii) in
the case of the dendrimers, the absorption spectra are unaf-
fected, but a strong quenching of the fluorescence of the periph-
eral dansyl units is observed; (iii) the fluorescence quenching
takes place by a static mechanism involving coordination of
metal ions in the interior of the dendrimers; (iv) metal ion coordi-
nation by the dendrimers is a fully reversible process; (v) a
strong amplification of the fluorescence quenching signal is
observed with increasing dendrimer generation. The results
obtained show that metal coordination involves the amine
groups and that the poly(propylene amine) dendrimers
functionalized with luminescent dansyl units can be profitably
used as supramolecular fluorescent sensors for metal ions. The
advantage of a dendrimer for this kind of application is related
to the fact that a single analyte can interact with a great number
of fluorescent units, which results in signal amplification. For
example, when a Co?" ion enters dendrimer 3,the fluorescence
of all the 32 dansyl units is quenched, with a 32 times increase
in sensitivity with respect to a normal dansyl sensor. This con-
cept is illustrated in Fig. 10.

Fic. 10. Schematic representation of (a) a fluorescent sensor with
signal amplification and (b) a conventional fluorescent sensor. In the
case of a dendrimer, the absorbed photon excites a single fluorophore
component, that is quenched by the metal ion, regardless of its position.
For more details, see text.
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B. DENDRIMERS WITH A SINGLE COORDINATION SITE

A much better defined coordination arrangement around a
metal ion is obtained when a dendrimer contains a precise coor-
dination site, for example, in the core.

Dendrimer 5 (Fig. 11) consists of a cyclam core appended with
12 dimethoxybenzene and 16 naphthyl units. Cyclam is one of
the most extensively investigated ligands in coordination chemis-
try (33). Both cyclam and its 1,4,8,11-tetramethyl derivative in
aqueous solution can be protonated and can coordinate metal
ions such as Co(II), Ni(IT), Cu(II), Zn(II), Cd(II), and Hg(II) with
high stability constants (34).

In acetonitrile—dichloromethane 1:1 (v/v) solution, the absorp-
tion spectrum of dendrimer 5 is dominated by naphthalene
absorption bands and the dendrimers exhibit three types of emis-
sion bands, assigned to naphthyl-localized excited states
(Amax=337 nm), naphthyl excimers (lnh.x ca. 390 nm), and
naphthyl-amine exciplexes (/1 .x =480 nm) (35).

Extensive investigations have been performed on the interac-
tion of dendrimers of this class with metal ions (36). Coordina-
tion of Zn?", a metal ion that is difficult to oxidize and reduce
and that exhibits a d'° electronic configuration, leads to

Fic. 11. Formula of a dendrimer consisting of a cyclam core, capable
of coordinating a Zn?" ion, and the corresponding scheme (Fig. 2c).
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complexes that cannot exhibit MC or CT excited states at low
energy. Nevertheless, Zn®" coordination by the dendrimer causes
strong changes in the emission spectrum of the dendrimer since
engagement of the nitrogen lone pairs in the coordination of
the metal ion prevents exciplex formation, with a resulting
increase of the naphthyl fluorescence. Such a fluorescent signal
is quite suitable for monitoring the formation of the complexes
in dendrimer/metal titration experiments.

Complexation of dendrimer 5 with lanthanide ions (Nd®*", Eu®",
Gd3*, Tb", Dy®") [3636b] leads to qualitatively similar results.

V. Coordination of Dendrimers Around Metal lons

When a dendrimer contains a precise coordination site, as pre-
viously reported for case 2¢, more than one dendrimer (Fig. 2e) or
a dendrimer and other ligands (Fig. 2f) can be assembled around
a metal ion.

A. COORDINATION OF DENDRIMERS ALONE

We have seen in Section IV.B that dendrimer 5 is able to form
1:1 complex with Zn?" ions in acetonitrile/dichloromethane solu-
tion. The [Zn(5)]*" complex is stable as long as the Zn®" concen-
tration is equal or higher than that of dendrimer 5, while at low
Zn?" concentration, dendrimer 5 gives rise only to complexes
with 2:1 dendrimer/metal stoichiometry with a high formation
constant (>10' M~?), as evidenced by both fluorescence and
'H NMR titrations. The [Zn(5),]*" species is an example of case
2e: the dendrimer branches not only do not hinder but also in
fact favor coordination of cyclam to Zn?" with respect to coordi-
nation of solvent molecules or counter ions. Two limiting
structures can be proposed for the 2:1 complexes: (i) an “inward”
structure, stabilized by the intermeshing of the branches of the
two coordinated dendrimers; (ii) an “outward” structure in which
the branches of the two coordinated dendrimers do not interact
but impose to the cyclam core a very specific coordination struc-
ture. Indeed, an “inward” structure for the 2:1 complex stabilized
by branch intermeshing should increase the probability of
excimer formation compared with the 1:1 species. In such a case,
the intensity of the excimer band (1.« ca. 390 nm) should grow
more rapidly at the beginning of the titration, when formation
of a 2:1 species is favored. This seems not to be the case for den-
drimer 5. Therefore, in the [Zn(5)o]>" species, the dendrimer
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Fic. 12. Schematic representation of a metal complex containing a
Zn®" jon coordinated by two cyclam-cored dendrimer 5, and the
corresponding scheme (Fig. 2e).

branches are likely extending outward (Fig. 12). Further, the two
cyclam cores, to account for the coordination number (<6) of
Zn?* are hkely forced to adopt a structure in which not all of
the four N atoms are available for Zn?" coordination, thereby
favoring a 2:1 stoichiometry.

In the case of lanthanide ions (Nd®*", Eu®",Gd*", Tb®", Dy3+)
[3636b], the complex stoichiometry is dlfferent at low metal ion
concentration, the formation of 1:3 (metal/dendrimer) complex
(log f. 3_20 3) is demonstrated by fluorescence and NMR titra-
tion. It is likely that, in the [M(5)3]3" complex not all the 12
nitrogens of the three cyclam cores are engaged in metal ion coor-
dination. However, upon metal coordination, the exciplex emis-
sion band completely disappears, as it is was previously
observed upon acid titration. Clearly, as is also shown by NMR
results, the presence of the 3" ion is “felt” by all the nitrogens
of the three cyclam moieties, thereby raising the energy of the
exciplex excited state above that of the naphthyl-based one. For
all the lanthanide complexes of 5, no sensitized emission from
the lanthanide ion was observed. Therefore, energy transfer from
either the S; or the Tl excited state of the naphthyl units of 5 to
the lanthanide ion is inefficient. By contrast, efficient energy
transfer from naphthalene like chromophores to Eu®" has been
reported in the case in which naphthalene is linked through an
amide or carboxylate bond to the lanthanide (37). Apparently,
the nature of the first coordination sphere plays an important
role concerning energy-transfer efficiency.
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Fic. 13. Formula of a dendrimer constituted by a bis-cyclam core.

A step further in cyclam-based dendritic ligands for metal ions
is constituted by dendrimer 6 (Fig. 13), containing two covalently
linked cyclam units as a core, appended to six branches, each one
of them consisting of a dimethoxybenzene and two naphthyl
units (38). Its photophysical properties are qualitatively similar
to that observed for 5. For example, the emission spectrum
evidences the presence of naphthyl-localized excited states
(Amax=337 nm), naphthyl excimers (lnh.x ca. 390 nm), and
naphthyl-amine exciplexes (Anax =480 nm).

Dendrimer 6 ability to coordinate Zn(II) and Cu(Il) in acetoni-
trile/dichloromethane 1:1 (v/v) solution has been -carefully
investigated (38).

Upon titration with Zn(CF3S03)s, no change was observed
in the absorption spectrum, whereas strong changes were
observed in the emission spectrum. Such changes, qualitatively
similar to those caused by protonation, indicate that a 1:1 com-
plex, [Zn(6)]2+ is first formed and then replaced by a 2:1 spe01es
[Zno(6)]*" (log f1.1=9.7 and log fs.;=16.1 for these two spec1es
respectively). In the 1:1 complex [Zn(6)]**, the metal ion is likely
sandwiched between the two cyclam units. As previously
observed in the case of dendrimer 5, apparently, the dendrimer
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branches favor coordination of cyclam units to metal ions with
respect to solvent molecules and counter ions. Further, the
experimental observation that, in going from [Zn(6)]*" to
[Zny(6)]*", the intensity of the excimer band does not change
suggests that, in these sandwich-type complexes, the dendrimer
branches extend outward and maintain the same structure in
both species.

Quite different results were obtained upon titration with Cu
(CF3S03)9 both in absorption and emission spectra. The absorp-
tion spectrum showed the appearance of a broad tail in the
300400 nm region, assigned to LMCT transitions (a similar
absorption band was observed also in the case of mere cyclam).
The absorbance values increase almost linearly up to the addi-
tion of 2 eq. of metal ion per dendrimer. Therefore, we can con-
clude that upon addition of Cu(CF3S03), to 6, both the cyclam
units of the dendrimer coordinate a Cu®" ion (log Po.;=11.9).
At variance with the case of Zn?", the decrease in the intensity
of the exciplex emission, caused by the engagement of the cyclam
N atoms by protons or metal ions, is not accompanied by an
increase in the intensity of the naphthyl-localized emission. This
result can be easily rationalized considering that coordination of
Cu?", while preventing deactivation of the excited naphthyl
units via exciplex formation, introduces another deactivation
channel related to the presence of the low energy LMCT state.
Further, analysis of the emission spectral changes upon addition
of Cu?* evidences the formation of a 1:1 complex, [Cu(6)]®", then
replaced by a 2:1 species, [Cux(6)]*".

The [M(6)]>" complexes (M=Zn, or Cu) are examples of the
dendritic complexes schematized in Fig. 2e in which the two den-
drimer are covalently linked.

B. CoORDINATION OF DENDRIMERS AND OTHER LIGANDS

We have seen above that a metal ion can assemble two or even
three dendrimers 5. A step further in the complexity of the sys-
tem is constituted by assembling around a metal ion a dendrimer
together with another ligand (Fig. 2f). An example (39) is given
by the assembly around a metal ion of dendrimer 5 and a molec-
ular clip C? (Fig. 14) consisting of two anthracene sidewalls and
a benzene bridge carrying two sulfate substituents on the para
positions.

Upon addition of Zn(CF3S0s3), to an equimolar solution of den-
drimer 5 and clip C2~, changes in the absorption and, particu-
larly, in the emission spectra are registered. Upon excitation at
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F1c. 14. Schematic representation of a metal complex constituted by
dendrimer 5, a Zn?" ion, and one molecular clip C*>~, and the corresponding
scheme (Fig. 2f).

{5:Zn?*-C%}

288 nm where most of the light is absorbed by the 16 naphtha-
lene chromophores of 5, a strong increase of the anthracene emis-
sion at 400 nm is registered together with changes in intensity of
the naphthyl band at 335 nm. A closer look to the titration
profiles shows that (i) changes in absorption and emission bands
of the clip are significant only after addition of ca. 0.2 eq. of
Zn(II); (ii) changes in the naphthyl fluorescence at 335 nm are
effective since the beginning with an increase up to ca. 0.6 eq.
of Zn(II) and then a minimum at 1.1 Zn(II) eq. These results
can be interpreted by formation of a [Zn(5),]®" complex at low
Zn(II) ion concentration since naphthyl-based emission
increases, while clip absorption and emission spectra are not
affected. Indeed, as previously discussed, dendrimer 5 forms a
very stable complex with 2:1 ligand to metal stoichiometry. Upon
further addition of metal ion, the [Zn(5);]*>" complex is disrupted
and Zn(II) is coordinated by both 5 and C?>~ forming a [5ZnC]
complex, as demonstrated by the quenching of the naphthyl
emission and the sensitization of the anthracene emission. These
quenching/sensitization processes has an efficiency higher than
95% and it cannot take place by dynamic mechanisms because
of the short lifetime of the fluorescent naphthyl-excited state of



PHOTOCHEMISTRY & PHOTOPHYSICS OF METAL COMPLEXES 129

the dendrimer (r <10 ns) and the low concentration of the clip
acceptor. Upon addition of an excess of Zn(II) (ca. 80 eq.), the
fluorescence of both the dendrimer and the clip are those
expected for the two separated [Zn5]?>" and [ZnC] complexes,
demonstrating that the three-component system is destroyed.

Another tool to investigate the formation of the [5ZnC] com-
plex is represented by fluorescence anisotropy (40). For a simple
molecule randomly oriented in fluid solution, the value of anisot-
ropy r is dependent on the angle between the absorption and
emission transition moments, an intrinsic property of the
fluorophore, and on the rate of the molecule rotation in solution.
In principle, the formation of a complex can be followed by a
change in fluorescence anisotropy since the complex rotation in
solution is expected to be slower compared to that of the ligand
because of the bigger dimension. The measured value re, is
given by the following equation:

rexp:FLrL+FArA

where Fi, and F are the fractional fluorescence intensities, and
r., ra are the fluorescence anisotropy of the ligand L and
associated species A. For a supramolecular system containing
multiple identical fluorophores, other channels of depolarization
are represented by local movements of the fluorophore inside the
multicomponent structure and by energy migration between
identical fluorophores.

In the case of the clip, two anthracene chromophores are linked by
a quite rigid bridge, so that depolarization can only be caused by
global rotation of the clip and by energy migration: the resulting
value of steady-state anisotropy in CH;CN/CHyCl, 1:1 (v/v) solution
at 298 Kis very low (rss=0.01). Upon addition of 1 eq. of Zn(IT) and
formation of the [ZnC] complex, the value of r, does not show a sig-
nificant variation, demonstrating that the resulting complex is still
rotating very fast. However, upon addition of the dendrimer and for-
mation of the [5ZnC] complex, a significant increase of the anthra-
cene anisotropy is observed (r,~0.02). Upon complexation of 5,
the mass and dimension increase to a significant extent and rotation
ofthe whole resulting complex is sufficiently slow that the measured
steady-state anisotropy doubles.

To the best of our knowledge, this is the first time in which the for-
mation of a metal ion complex in solution is followed by fluorescence
anisotropy. Indeed, this has been made possible in low-viscosity
solvents because of the profound change of mass and dimension
between the [ZnC] complex and the [5ZnC] complex. In the self-
assembled structure [5ZnC], the clip may function as a ditopic
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receptor: on one side the sulfate substituents coordinated to Zn(II)
and, on the other side, the highly negative electrostatic potential
on the inner van-der-Waals surface of the clip cavity offers a further
recognition site for electron-deficient guest molecules.

To overcome the lack of sensitization of the lanthanide
emissions for the complex of dendrimers 5 (see above), a supra-
molecular approach has been pursued (41). It was known that
complexes of Ru®" containing 2,2'-bipyridine (bpy) and cyanide
ligands, that is, [Ru(bpy)2(CN)y] and [Ru(bpy)(CN),]?", are lumi-
nescent and can play the role of ligands giving rise to super-
complexes (42,43). Titration of an acetonitrile:dichloromethane
1:1 (v~v) solution of [Ru(bpy)o(CN)o] with Nd3' causes
changes in the absorption spectrum and quenching of the Ru®"
complex emission, accompanied by sensitized Nd®*" emission,
demonstrating the ability of [Ru(bpy)2(CN)s] to complex the lan-
thanide metal ion. Titration of a 1:1 mixture of dendrimer 5 and
[Ru(bpy)2(CN)s] in acetonitrile:dichloromethane 1:1 (v/v) with Nd
(CF3S03)3 brings about changes in the absorption and emission
spectra. The lowest energy absorption band is blue-shifted, as
observed for the titration of [Ru(bpy)2(CN)s] in the absence of
dendrimer. Upon excitation at 260 nm, where most of the light
is absorbed by dendrimer 1, the intensity of the naphthyl mono-
mer emission at 337 nm does not show a monotonous increase, as
observed in the absence of the [Ru(bpy)2(CN)s] complex, reaches
a maximum at 0.5 eq., and then decreases up to about 1.0 eq. of
Nd3* to rise again for higher metal ion concentration. The emis-
sion intensity at 1.0 eq. is lower than that observed in the
absence of [Ru(bpy)2(CN)s]. These results show that a three-com-
ponent system {5-Nd*"-[Ru(bpy)2(CN).]} (Fig. 15) is formed in
which the dendrimer emission is quenched. The three-component
system can be disassembled by addition of an excess of each com-
ponent, or of cyclam. The main photophysical processes of the
{5-Nd®"-[Ru(bpy)2(CN)s]} adduct are summarized in Fig. 16,
which shows the energy levels of the three components. In the
two-component dendrimer—Nd>®" system, energy transfer from
either the lowest singlet (S1) or triplet (T;) excited state of the
naphthyl units of the dendrimer to the lanthanide ion does not
occur. Sensitization of the Nd®" emission upon dendrimer excita-
tion in the three-component system is mediated by the
[Ru(bpy)2(CN)s] component. Comparison between the emission
quantum yield of [Ru(bpy)2(CN)o] upon excitation at 260 nm (den-
drimer absorption) and 450 nm ([Ru(bpy)s(CN)s] absorption) has
allowed to estimate that the energy-transfer efficiency from the
S, excited state of the naphthyl groups to the '"MLCT excited state
of [Ru(bpy)2(CN)s] is about 60% (Fig. 16). The energy-transfer
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{5+Nd***[Ru(bpy)(CN),}

Fic. 15. Schematic representation of a metal complex based on den-
drimer 5, one Nd3®" and [Ru(bpy)2(CN)s] complex, and the
corresponding scheme (Fig. 2f).

efficiency from the >MLCT excited state of [Ru(bpy)2(CN)s] to Nd>+
can be assumed to be equal to the efficiency of the quenching of the
[Ru(bpy)2(CN)o] emission (ca. 90%) because quenching by electron
transfer can be ruled out in view of the Nd®>* redox properties. No
evidence of energy transfer in the adduct from the naphthyl-
localized T'; excited state of the dendrimer to the lowest “MLCT
state of [Ru(bpy)2(CN)s] has been found since no change in the T4
lifetime at 77 K has been observed.

The three components of the self-assembled structure have com-
plementary properties so that new functions emerge from their
assembly. Dendrimer 5 has a very high molar absorption coeffi-
cient in the UV spectral region because of 12 dimethoxybenzene
and 16 naphthyl units, but it is unable to sensitize the emission
of an Nd3* ion placed in its cyclam core. The [Ru(bpy)o(CN)y] com-
plex can coordinate (by the cyanide ligands) and sensitize the
emission of Nd3* ions. Self-assembly of the three species leads to
a quite unusual Nd®" complex which exploits a dendrimer and
an Ru®’" complex as ligands. Such a system behaves as an
antenna that can harvest UV to VIS light absorbed by both the
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Fic. 16. Energy level diagram showing the excited states involved in
the main photophysical processes (absorption: solid lines; radiative
deactivation: dashed lines; nonradiative deactivation processes: wavy
lines) of the {5-Nd>"-[Ru(bpy)2(CN)ol} three-component system. For
the sake of clarity, naphthyl excimer energy level has been omitted.

Ru?* complex and the dendrimer and emit in the NIR region with
line-like bands. In principle, the emission wavelength can be
tuned by replacing Nd®*" with other lanthanide ions possessing
low-lying excited states.

VI. Conclusion

The introduction of dendrimers as ligands has greatly expanded
the scope of metal coordination chemistry and, in particular, has
revitalized the study of luminescent metal complexes. The great
potential of dendrimers as light-absorbing ligands and the diver-
sity of their composition, coupled with the variety of metal ions that
can be involved and of the dendrimer-metal coordination
structures (Fig. 2), has allowed to build systems capable of
exhibiting very complex luminescence properties. Such systems
are quite suitable to get insight on the mechanisms of energy and
electron-transfer processes. Another important feature of this
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novel coordination chemistry is the extensive use of fluorescence
techniques (including fluorescence anisotropy) to study meta-
I-ligand coordination processes. The role of metal ions can be mul-
tifarious: (1) quencher or enhancer of the organic dendrimer
luminescence, a phenomenon that can be exploited for sensing
purposes; (2) acceptor of the excitation energy of the dendrimer
chromophores with generation of intense metal-centered lumines-
cence (antenna effect); (3) controller of the intensity of the various
types of ligand-centered luminescence (fluorescence and phospho-
rescence of molecular component units of the dendrimer, emission
from excimer and exciplex species), which might be exploited for
information processing.
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ABSTRACT

Rhenium(I) diimine carbonyl complexes have been well
investigated because of their functionalities, such as the intense
emission properties, capabilities as a building block for multinu-
clear complexes, and photocatalytic activities.

This chapter describes the following three topics of the rhe-
nium complexes including recent reported works: photophysics,
photochemical reactions, and photocatalyses.

After Section I, the photophysical processes of the rhenium
complexes are briefly summarized: the electronic structures, the
photophysical relaxation processes, and the effects of intramolecular
weak interaction between ligands on the photophysical properties.

The next section about photochemical reactions includes ligand
substitution, homolysis, and reactions of the ligand on the rhe-
nium complexes. This section also includes synthesis of emissive
multinuclear rhenium(I) complexes using the photochemical
ligand substitution.

The last section describes unique and high photocatalytic
activities of the rhenium(I) diimine carbonyl complexes, especially
for CO, reduction. The photocatalyses of mononuclear rhenium
complexes, multicomponent systems, supramolecular systems
with a Ru(II) complex as a photosensitizer, and a rhenium complex
with periodic mesoporous organosilica as a light-harvesting
system.

Keywords: Rhenium complex; Photophysics; Photochemistry;
Photocatalyst.

I. Introduction

The photophysics and photochemistry of d® transition metal
complexes, such as Re(I), Ru(Il), Os(II), and Ir(IIT), with
a-diimines as electron acceptor ligands have been widely
investigated during past four decades. These complexes have
been frequently used as photofunctional molecules because of
the following common properties (I-16):

1. Quantum yields for the formation of stable triplet metal-to-
ligand charge transfer (MLCT) and/or nr* excited states are
very high, usually almost unity.

2. Many of the complexes are emissive even in solution at room
temperature, and the lifetimes of the lowest excited state
are long, typically several hundred nanoseconds.
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3. The >MLCT excited states of the complexes have strong oxida-
tion and/or reduction power.

For example, rhenium(I) complexes have been used as emitter
materials in electroluminescent devices (17-20) and biological
probes (11), as dye for dye-sensitized solar cells (21), as
chromophores for photochemical electron or energy transfer
studies (14,17,22), and as a redox photosensitizer (23).

In addition, the family of rhenium(I) diimine carbonyl
complexes fac-[Re(LL)(CO)o(X)(Y)]*" (LL =u-diimine) has unique
properties and application as follows:

(a) They can be used as photocatalysts for multielectron transfer
reactions, especially for CO5 reduction.

(b) They have been used as building blocks of emissive multinu-
clear complexes because they have at least three different
ligands.

(c) Some of them show unique photoreactivities that are strongly
dependent on the ligands.

(d) They have been used as target molecules for time-resolved IR
measurements because the CO ligands have strong
stretching absorption bands that are very sensitive to elec-
tron density at the central rhenium atom.

In this chapter, we focus on these unique photochemical pro-
perties of rhenium(I) diimine carbonyl complexes (Fig. 1), espe-
cially photochemical reactions and photocatalysis.

Il.  Photophysics of Rhenium(l) Diimine Complexes

A. ErrectronNic STRUCTURE OF RHENTUM(I) DiiMINE COMPLEXES

Rhenium diimine carbonyl complexes generally have octahe-
dral coordination geometries. Their electronic states are
structured by the electronic interactions between the d orbitals
of the central rhenium ion and the molecular orbitals of the lig-
ands, such as CO, which has a strong m-accepting character,
and o-diimines, which can act as an electron pool (Fig. 2)
(24,25). The excited states pertaining to the useful photophysical
and photochemical properties of these complexes are (a) the
ligand-field (LF) excited states of the central rhenium, (b) nr*
excited states localized on the diimine ligand (LL.C), and (c) the
MLCT state from the rhenium to the diimine ligand. The empty
d orbital energy of the central rhenium(I) is high due to the large
LF splitting resulting from the low-oxidation state of the central
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Fic. 1. Structures of rhenium(I) diimine complexes with
abbreviations.

metal and the presence of the CO ligands with the strong LF.
However, the energies of the empty n* orbitals localized on
diimine ligands, typically 2,2-bipyridine (bpy) and
1,10-phenanthroline, are low because of the relatively large con-
jugated n system. Therefore, the ligand ©* orbital energy is lower
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Fic. 2. The schematic energy diagram of the electronic states of the
rhenium(I) diimine complexes.

than that of the lowest-energy empty d orbital of Re(I), making
the MLCT state the lowest excited state in many cases (Fig. 2).

The electronic transition to the MLCT and nrn* excited states
are optically allowed transitions, and they have relatively large
transition moments. They do not involve the population of an
orbital that is antibonding with regard to the M—L bonds, in
contrast to the forbidden transitions to the LF excited states.
This is one of the reasons for photostability of Re(I) complexes.
However, as discussed in the following sections, photoinduced
chemical reactions have been reported in some cases, where
transitions to reactive higher-energy states arise from photoexci-
tation with shorter wavelength irradiation or thermal activation
from lowest excited state.

In reality, the electronic states of Re(I) complexes are mixed
with each other by configuration interactions, and the “real” elec-
tronic states are best viewed as composites of the “virtual” pure
electronic states such as MLCT and nn* excited states, etc. In
this chapter, the “real” electronic states will be represented by
the “virtual” pure state which has the largest contribution to
the excited state properties.

B. PuororuysicaL RELaxaTION ProcEss oF REENTUM(])
DimmiNE COMPLEXES

As the lowest excited state of many Re(I) diimine complexes is
the emissive MLCT state, it can be tuned by chemical modifica-
tion of the diimine ligand and the identity of the monodentate
ligands. Figure 3 shows the UV/Vis absorption and emission
spectra of a typical rhenium(I) diimine complex, fac-Re(bpy)
(CO)3Cl (bpy =2,2'-bipyridine) (1a), measured in CH3CN.



142 HIROYUKI TAKEDA et al.

in MeCN
-0k
T 3
5 s
N >
2° z
e MLCT 3
~ =
= £
0 | !
300 400 500 600 700

Wavelength/nm

Fic. 3. UV/Vis absorption and emission spectra of fac-Re(bpy)
(CO)3CI (1a) complex measured in an CH3CN solution.

In the UV/Vis absorption spectrum, a broad band at
Aabs =370 nm and a more intense one at 292 nm are attributed
to transitions to the 'MLCT and the nn* (ALC) excited states,
respectively. Such characteristics are common for many rhe-
nium(I) diimine carbonyl complexes (Table I). The emission spec-
trum comprises a single broad band, which arises from a
transition from the lowest MLCT excited state to the ground
state. The lifetime of the *MLCT excited state is relatively short
(Table I).

In the case of the rhenium(I) bipyridine tricarbonyl complexes
with a phosphorous ligand such as 3a in Table I, both the '"MLCT
absorption and the emission bands are blue shifted because of
the stronger LF induced by the phosphorous ligand. This causes
the lifetime of the 3MLCT excited state to be longer. The
photophysical parameters of some typical Re(I) complexes are
summarized in Table I (5,26).

Concerning the relaxation processes of Ru(Il) tris(diimine)
complexes whose lowest excited state is the SMLCT state, a good
linear relationship between the logarithm of the nonradiative
decay rate (kq) and the energy gap (Eqo*MLCT)), the energy dif-
ference from the ground state to the “MLCT state, is observed.
This is termed as the Energy Gap Law (5,27). In a series of rhe-
nium(I) bipyridine tricarbonyl complexes, such a linear correla-
tion was also observed (Fig. 4) (26,27), where the net
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TABLE I

ProropuysicAL PrRoPERTIES oF SoME Re(I) BipYRIDINE CoMPLEXES IN AN CH3CN
SoLuTioN AT RooM TEMPERATURE (26).

[Re(Xsbpy)(CO)5(L)*™ JMLCT) J. (nm) 1, (ns) @, @,
(nm)

Abbr. X L

la H cl- 370% 622° 25° 0.005¢° -

2a H py 351¢ 5457 250%  0.059° -

3a H P(OEt); 336 542 1034  0.155 0.0089

3b CH; P(OEt); 330 533 936 0.175 0.16

3c CF, P(OEt); 363 622 162 0.031  0.0003

“Ref. (27).

bRef. (28).

°In CHyCly, Ref. (5).

9Ref. (29).

“Ref. (30).

In (kyls™")

14000 16000 18000 20000
Epo CMLCT) (cm™)

Fic. 4. Plots of In k4 of various rhenium(I) diimine tricarbonyl
complexes versus Eqo(*>MLCT) at 25 °C in a degassed CH;CN solution.

nonradiative decay rate was calculated by subtracting the contri-
bution of the photochemical reaction from the inverse of the
emission lifetime (z,). The slope (—8.4 eV~ 1) for the rhenium(I)
complexes was similar to that of the Ru(Il) complexes
(-7.54eV 1.
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C. ErrEcT oF WEAK INTERACTIONS BETWEEN LIGANDS ON
ELECTRONIC STRUCTURE

Tricarbonyl monophosphine rhenium(I) complexes fac-[Re
(diimine)(CO)3(PR3)]™ can be readily converted into the
corresponding biscarbonyl bisphosphine rhenium(I) complexes cis,
trans-[Re(diimine)(CO)o(PR3)(PR’3)] " by means of a photochemical
ligand substitution reaction (see Section III.D) (26,31). Due to the
strong n-acidity of the carbonyl ligand, substitution by a phosphine
ligand causes a destabilization of the HOMO level (dn orbital of the
Re center, see Section III) and bathochromic shifts in the absorption
and emission spectra. For example, cis,trans-[Re(bpy)(CO)o{P
(OEt)s}e] ™ (11a) has an MLCT absorption band and an emission
maxima in a longer wavelength region compared to fac-[Re(bpy)
(CO)3P(OEt)3] ™ (8a) (Fig. 5). Moreover, the emission quantum yield
of the 11a (1.7%) was much smaller than that of 3a (8.8%) (32),
which obeys the Energy Gap Law (see Section I1.B).

However, the nature of the phosphine ligands is another critical
factor for controlling the photophysical properties of this family of
complexes. In particular, the introduction of triarylphosphine
ligand(s) was found to bring about drastic changes in the
photophysical and electrochemical properties (33,34). For exam-
ple, a Re(I) complex with two tris(p-chlorophenyl)phosphine lig-
ands (11b) exhibited a red-shifted MLCT absorption band but
blue-shifted emission compared to the bis(iso-propylphosphite)
Re(I) complex (11¢) (Fig. 6). As these two ligands have comparable
electron-withdrawing abilities estimated from Tolman's y values

(a) (b)
=
«
>
k7
c
) 2
s £ : -
c . *
kel : "
1] . .
k2] : .
£ :
w : .
300 350 400 450 500 450 500 550 600 650 700 750
wavelength (nm) wavelength (nm)

Fic. 5. UV/Vis absorption (a) and emission (b) spectra of cis,trans-
[Re(bpy)(CO)o{P(OEt)3}o]" (11a, solid line) and fac-[Re(bpy)(CO)s(P
(OEt)3)]t (8a, dotted line).
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Fic. 6. The effects of the interligand n—n interaction to the funda-
mental properties of rhenium(I) complexes. The absorption (a) and
emission (b) spectra of rhenium(I) complexes with (11b, solid line)
and without (11e¢, dotted line) n—=n interaction.

(£7=33.6 and 38.1 for 11b and 1le¢, respectively), this clearly
shows that interligand n—rn interactions between the aromatic
diimine ligand and the aryl groups in the phosphine ligands have
a profound influence on the photophysical properties of the com-
plex. Close contacts between the two aromatic moieties in the solid
state were observed by X-ray crystallography and in solution by
nuclear magnetic resonance (NMR) and infrared spectroscopies.
The interligand aromatic interactions decrease the nonradiative
decay rate constant from the SMLCT excited state of the complex,
prolong the excitation lifetime, and strengthen the oxidation
power of the complex.
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Fic. 7. Energy surfaces of the ground state and the 'MLCT or
SMLCT excited state depending on the absence and presence of the
interligand n—= interaction.

The changes to the photophysical properties can be rationalized
by the following energy surfaces of the ground and MLCT or
SMLCT excited states of Re(I) complexes. It is reasonable to assume
that the interligand interaction decreases the lateral displacement
AQ. of the MLCT excited state from the ground state by the delocal-
ization of the electron that is transferred onto the diimine ligand in
the MLCT excited state through the interaction (Fiig. 7). In this case,
less energy should be required for excitation process, and the
SMLCT excited state can emit a higher-energy photon. In other
words, interligand interactions induce bathochromic and
hypsochromic shifts in absorption and emission spectra, respec-
tively. Further, the smaller lateral displacement gives a smaller
Franck—Condon factor, that is, a smaller nonradiative decay con-
stant, which results in an increase in the excitation lifetime.

lll.  Photochemistry of Rhenium(l) Complexes

A. PnorocuemicaL. CO EriviNaTiON REacTION OF A Re(I)
HexacarBoNYL COMPLEX

[Re(CO)gl ™ belongs to the Oy, point group and has a low-spin d®
electron configuration. This configuration is the same as the neu-
tral hexacarbonyl complexes of the Group 6 elements (Cr, Mo,
W), and they show similar photochemical reactivities.
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The coordination bonds between the rhenium(I) and the CO
ligands consist of two electron-donating mechanisms: c-donation
from the lone-pair electrons of the CO ligand to the rhenium(I),
and the n-back donation from the occupied ty, orbital electron
of the rhenium(I) to the empty n* orbital of the CO ligands.
The photoexcitation process of this complex is attributed to two
types of electronic transition, that is, an LF transition (Re
tog— Re ey) in a lower-energy region and an MLCT transition
(Re dn— CO =w*) in a higher region. Although the molar extinc-
tion coefficient of the LF absorption band is very small because
it is a forbidden transition, it causes a photochemical reaction.
The LF transition weakens the Re—CO bond, and one CO ligand
is eliminated (Eq. 1) because an electron located on the bonding
tog orbital is excited to an antibonding e, orbital. The rate con-
stant of CO elimination from the LF excited state is accelerated
by a factor of 101 compared to the ground state, and the reaction
quantum yield is close to unity. For the presence of the good lig-
ands (L), a photoinduced ligand substitution reaction can proceed
to give Re(CO)sL (Eq. 2).

co co
o [0 o o] .
"Rel’ —r . Rel, +  Co
oc/| ~co oc/|
co
CcO CcO
ocy, | } oc,, | L 2
Rel + —_— Rel
oc” | Y oc” | Yeo
co co

B. Re—REg, RE-M, anp RE—C Bonp HomoLysIis REACTIONS

For Re(I) dimers with a Re—Re bond, photoexcitation induces
homolysis of the Re—Re bond. The two rhenium(0) metal centers
in Rey(CO);o each donate one electron from their d,. orbitals to
make a ¢ M—M bond. Upon photoirradiation, the bonding o-
orbital (o},) electron is excited into the antibonding o-orbital
(0,*), which leads to metal-metal bond cleavage. It has been also
reported that a CO ligand elimination proceeds competitively
with the metal-metal bond homolysis reaction. When a cyclohex-
ane solution of Rey(CO);o was irradiated by the 355-nm laser
light, the ratio of the reaction quantum yields of Re—Re bond



148 HIROYUKI TAKEDA et al.

cleavage (Y7) and CO elimination (Y,) was evaluated as Y/
Y>=0.13 (35).

Irradiation of L,MRe(CO)s(L-L) (L,M=(CO);Mn, (CO)sRe,
Ph3Sn, MesSn; a diimine ligand (L.—L) coordinated on one of the
metal centers) complexes also causes Re—M bond homolysis, but
the reaction pathway is different. The longest Wavelen%th absorp-
tion band of this type of complex was attributed to a “MLCT(Re
dn— n*(L-L)) transition. Stufkens et al. reported that the Re—M
bond homolysis proceeds via the o, — n*(L.-L) excited state pro-
duced by internal conversion from the >MLCT excited state (36).

It has been also reported that Re—R bond homolysis can be pro-
moted by the photoexcitation of mononuclear rhenium(I)
complexes with a Re—alkyl bond, fac-[Re(CO)s(a-diimine)R]
(R=alkyl ligand). This type of the reaction also proceeds via a
3on* state, which is produced by the relaxation from the SMLCT
excited state. In the cases of R=ethyl (Et) and benzyl (Bz), the
homolysis reaction proceeds efficiently. However, the reaction effi-
ciency is much lower in the case R =methyl (Me) because the tran-
sition from *MLCT to on* requires extra energy (Scheme 1).
Using transient absorption spectroscopy, the 3on* state was
directly detected as a reaction intermediate with an absorption
band at 500 nm. It was concluded that the potential curve of the
3om* excited state should have a distinct minimum and that
the homolysis reaction will proceed competitively with the
nonradiative decay process to the ground state (Scheme 1) (37).

C. PuoorocHEMISTRY OF Re(I) DIIMINE TETRACARBONYL COMPLEXES

Rillema et al. have presented a comprehensive report on the
rhenium diimine tetracarbonyl complexes, [Re(L-L)(CO)4]

MLCT
isc O'ﬂ*(Me)
: £ -
3 a
MLCT
= K
\ kd
Re* + Re
on*(Et, Bz) kR
hy knr kd
G.S.

ScHEME 1. Energy diagram of [Re(a-diimine) (CO)sR].
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(CF3803) (L-L=2,2-bipyrimidine (bpm), 4,4’-dimethyl-2,2'-
bipyridine (dmb), 2,2'-bipyridine (bpy), and 1,10-phenanthroline
(phen)), including their electronic states, photophysics, and pho-
tochemistry (38). These complexes have a dn— n* charge-trans-
fer absorption band in the region of 300-400 nm and nr*
(diimine) transition bands in the shorter wavelength region of
300 nm. Even at room temperature, these complexes emit phos-
phorescence from the lowest triplet excited state (Table II).
Because the bpm complex shows a nonstructured broad emission
band in dichloromethane solution at room temperature, the low-
est excited triplet state was identified as the MLCT state. How-
ever, bpy, dmb, and phen complexes showed a vibrational
structured emission spectra, and therefore, the lowest excited
state was attributed to the °nn* state localized on the diimine
ligands.

Irradiation of these tetracarbonyl complexes caused the
elimination of a CO ligand (Eq. 3).

[Re(diimine)(CO),] " + CF3S05~ * [Re(diimine)(CO),(CF5S05)] +CO  (3)

The reaction quantum yields were varied from 0.03 to 0.9
(Table D).

It was suggested that the photoinduced ligand substitution
reactions proceed via the °LF state as a reactive state, but the
relative energy of this state compared to the lowest excited state,
that is, LC, was not clearly estimated. The *MLCT state was
also proposed as another candidate of the reactive state because
the Re—C bond strength should be lower in the >MLCT state
compared to the ground state owing to the removal of an electron
from a bonding dr orbital.

TABLE II

EwmissioN PEAK (4;), EmissioN QUANTUM YIELD (&), EMissioN LIFETIME (t3), AND
PHOTOREACTION QUANTUM YIELD (@) OF [RE(DIIMINE)(CO)J(CF35S03) INn CHyCly
UnpER CO ar Room TEMPERATURE.

L-L Ae (nm) [OR Te (U8) D,
bpm 521 0.037 0.75 0.5
bpy 448, 476, 506 0.031 4.7 0.3
dmb 444, 473, 505 0.033 2.3 0.9

phen 459, 489, 525 0.008 3.8 0.05
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D. PuoorocHEMICAL LIGAND SUBSTITUTION REACTION OF
fac-[Re(DuMINE)(CO)sPR3] ™"

Recently, the excited states of the rhenium complexes have
been investigated by using advanced computational methods,
which can handle chemical systems that contain heavy atoms.
Although direct observation of the reactive states remains impor-
tant in order to confirm the photochemical reaction mechanism,
it is sometimes very difficult because the concentrations of reac-
tive states are very small when their potential curves are repul-
sive. Systematic investigations of the effects of various
experimental parameters on reaction yields are also useful for
getting mechanistic information. For example, energetic cha-
racteristics of the reactive states can be elucidated by
investigating the dependence of emission and reaction quantum
yields on temperature and chemical modification of the ligands.

Most rhenium diimine tricarbonyl complexes were considered
to be relatively stable against photosubstitution, with some
exceptions described above, until the photochemical ligand sub-
stitution reactions of complexes with phosphorous ligands, phos-
phorous complexes, and fac-[Re(LL)(CO)3(PR3)]" were reported.

When the complex 3a with triethylphosphite as a monodentate
ligand was irradiated at 365 nm in MeCN, the UV/Vis absorption
spectrum changed with some isosbestic points (Fig. 8). This pho-
tochemical reaction gave exclusively cis,trans-[Re(bpy)(CO){P

1 T T T
1.4 l T ]
1.2 ’?\ l Irradn. time/min =~ _|
. - . . 0
g 1OTuE 10 g
=
g 084 20 i
S 30
2 067 40 -
70
0.4 - 4
0.2 1 it i
0.0 %ﬂﬁ.e_
300 350 400 450 500

Wavelength (nm)

Fic. 8. UV/Vis absorption spectral changes of an CH3CN solution con-
taining 1a (0.12 mM) under an Ar atmosphere during 365-nm irradiation
(4.24 x 10° photon s~ !). Copyright 2002 American Chemical Society.
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(OEt)3}(CH3CN)]*, in which an MeCN ligand occupies a position
trans to the P(OEt); ligand. This product was obtained quantita-
tively, and no other isomers were produced (Eq. 4). The same
photoinduced ligand substitution reaction was observed for
complexes with other phosphorous ligands.

N P(OEt) 1 N POEt s 1+
7N N
R —CO +CO
CH3CN e *

NCCH3

(4)
Generally, there are two reaction mechanisms for photochemical
ligand substitution reactions on metal complexes, that is, “disso-
ciative” and “associative” mechanisms. The photochemical reac-
tion of 3a in CH,Cl, solution was investigated in the presence
of molecules with different coordinative abilities (CH3CN, pyri-
dine, P(OEt)s3). In all the cases, the photochemical ligand substi-
tution reactions proceeded quantitatively and the reaction rates
did not depend on the identity of the incoming ligand. This
clearly shows that photochemical reaction proceeds through the
dissociative mechanism.

A CDCl3 solutlon containing 3a was irradiated under a *CO
atmosphere. The *C NMR measurement revealed that only the
CO ligand in the trans-position to P(OEt); was substituted
(Fig. 9). This result indicates that the primary process of the pho-
tochemical ligand substitution reaction is the elimination of the
CO ligand in the trans-position to P(OEt); ligand, and a new
ligand should be promptly introduced at the same position. The
coordinatively unsaturated species do not undergo any structural
rearrangements which cause isomerization of the complex.

The CO stretching vibrational bands of rhenium carbonyl
complexes are useful spectroscopic probes for studying their elec-
tronic excited states. As these IR absorption bands reside in the fre-
quency region where few absorption bands exist, their absorption
cross section are large and the band frequencies are greatly
influenced by the amount of electron density on the central rhe-
nium(I). Therefore, transient IR absorption (TR-IR) measurements
should be one of the ultimate tools for the study of the photophysics
and photochemistry of the rhenium carbonyl complexes.

TR-IR spectra of the complex 3a were measured in an CH3CN
solution following irradiation with 355-nm laser light (Fig. 10).
Immediately after laser pulse, the three absorption peaks (at
1928, 1962, 2047 cm ™ ') attributed to the three ground-state CO
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Fic. 9. 3C NMR spectra of 3a in a degassed CDCl; solution
under 3CO atmosphere: (a) before irradiation, (b) after 60-min irradia-
tion. Copyright 2002 American Chemical Society.

ligands were bleached, and other three absorption peaks (at
~1970, 2017, ~2070 cm~ 1) attributed to the lowest excited state,
SMLCT, were produced. Although the additional three peaks
decayed at the same rate as that observed in the emission decay
experiment, the peak intensities of the ground state did not
recover to their original magnitudes. On the same timescale, a
new couple of IR absorption bands appeared (at 1876,
1951 cm™ ), which can be attributed to the ligand substitution
reaction product cis,trans-[Re(bpy)(CO)2{P(OEt)3}(CHsCN)] ™.
The rise of the IR absorption band of the product was propor-
tional to the amount of the MLCT state complex formed imme-
diately after laser irradiation. This result suggested that this
ghotochemical ligand substitution reaction proceeds from the
MLCT state or the ’LF state, which is in thermal equilibrium
with the >MLCT state (Scheme 2).

As these excited states were attributed to the transitions from
the central metal dr orbital to the bigyridine ¥ orbital (MLCT)
and to the central metal do* orbital (°LF), respectively, the state
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Fic. 10. TR-IR spectra of 3a in a degassed CH3CN solution taken at
50 ns (a) and 5 ps (b) after 355-nm laser excitation. The three small
figures are the decay traces for typical IR bonds. (Copyright 2002
American Chemical Society.)

energies of these states can be controlled by systematic chemical
modification of the bispyridine and axial ligands. In doing so, the
energy gap between °MLCT and ?LF states can be tuned. Such
modification effects are summarized as follows:

1. Modification of the bipyridine ligand with introduction of elec-
tron-withdrawing (donating) groups at the 4,4’-positions
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ScHEME 2. Schematic energy diagram of fac-[Re(bpy)CO)s{P(OEt)s)] ™
(3a).

should cause stabilization (destabilization) of the n* orbital of
the bipyridine ligand, with only a small effect on the central
metal d orbital energy.

2. Introducing a phosphorous ligand with a strong (weak)
LF ligand should cause both stabilization (destabilization) of
the rhenium dr orbitals and destabilization (stabilization) of
the rhenium do* orbitals, it does only a small effect on the
bipyridine ©* orbital.

The energy of the MLCT excited state (Eoo(*MLCT)) can be
evaluated from the emission spectrum. Emission peak wave-
length (4.), emission quantum yields (&.), emission lifetimes
(te), and reaction quantum yields of the photochemical ligand
substitution reactions (®,) are summarized in Table III. The
modification of the bipyridine ligand caused changes in
Eoo(®MLCT) as large as 2400 cm ™ .

The relaxation processes from the 3MLCT state can be
evaluated quantitatively by measuring the temperature depen-
dence of the emission yield and lifetime because the *MLCT state
is both the lowest and emissive excited state. Higher tempera-
ture caused larger ¢,. However, ¢, and 7., became smaller and
shorter at higher temperature, respectively. These experimental
results could be well simulated by assuming that the photochem-
ical reactions occur via the thermally accessible higher excited
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TABLE III
ProroruYSICAL PROPERTIES OF [Re(Xobpy)(CO)s(PRy)I (8) IN CH5CN aT 298 K.
[Re(X5bpy) Je (nm) Eoo(®*MLCT)* 7o (ns) D, @,
(CO)3(PR3)I™ (em™)

X PR3
3a H P(OEt)3 542 19,470 £ 55 1034 0.155 0.089
3b CH; P(OEt); 533 19,637 +50 936 0.175 0.16
3¢ CF3 P(OEt); 623 17,272 +49 162 0.031 0.0003
3d H P(n-Buw); 561 18,672+ 50 621 0.091 0.095
3e H PEts 561 18,649 +51 654 0.153 0.15
3f H PPhs 540 19,000+ 31 416 0.097 0.55
3g H P(OMe) 542 19,553 +46 644 0.127 0.25

Ph,

3h H P(Oi-Pr); 543 19,239+ 52 952 0.247 0.099
3i H P(OMe); 543 19,678 +43 1076 0.216 0.118

“0—0 band energy gap between the MLCT and the ground states.

state from the >MLCT state (Scheme 2) and by using Egs. (5)—(10)
as shown in Figs. 11 and 12.

b= = Kexp( ) (5)
b =2~ K exp( ©

k'q =k jexp (%TE) (7)
Pe = e+ Fa iek/d ) ®)
Pr = Ghe + Fa irk/d By N
o = : (10)

(ke +ka+Fkq+kr)

The energy differences between the lowest excited >MLCT states
and the transition states of the photochemical ligand substitu-
tion reactions could be estimated from analysis of the tempera-
ture effects (Table IV). The evaluated AG” values were found to
vary with the substituents on the bpy ligand (3650-4820 cm ™ 1).
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Fic. 11. Temperature dependence of the emission yield (&), the life-
time (7.), and the quantum yield of the photochemical ligand substitu-
tion reaction (&,) of 3a in a degassed CH3CN solution. Copyright

2002 American Chemical Society.
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Fic. 12. Arrhenius plots of the radiative decay rate (k.) and the reac-
tion rate of the photochemical ligand substitution reaction (%,) of 3a in
a degassed CH3CN solution. Copyright 2002 American Chemical

Society.

Interestingly, this effect was inversely proportional to the energy
of the SMLCT state (Eo, in Tables III and IV). Therefore, the
energy gap between the ground state and the transition state of
the photochemical ligand substitution reaction (Ego+AG?) is
not affected by the modification of the bipyridine ligand as much



TABLE IV

THERMODYNAMIC DATA FOR THE PHOTOCHEMICAL LiGAND SUBSTITUTION REACTIONS OF [Re(Xobpy)X(CO)s(PR3)]™ (8) N CH3CN.

[Re(Xobpy)(CO)s(PR3)] M

X PR; EqoCCMLCT)* (cm™1) kg (10557 1) AG7 995° (cm™ 1Y) (Ego+AG7)g9s (cm™1)
3a H P(OEt); 19,470 +£55 6.9 3810590 23,280 + 650
3b CHj; P(OEt); 19,637 4+50 4.1 3650+ 80 23,290+ 130
3c CF; P(OEt); 17,272 +49 60 48204140 22,090 + 190
3d H P(n-Bu); 18,672450 11 34804830 22,150+ 880
3e H PEts 18,649+51 11 3390+ 610 22,030 + 660
3f H PPh, 19,000 +£31 8.5 3230+ 1650 22,230+ 1680
3g H P(OMe)Ph, 19,553 +46 9.7 3240+ 440 22,790 +490
3h H P(Oi-Pr); 19,239+52 7.9 36104760 22,840+ 810
3i H P(OMe); 19,678 +43 6.2 3740760 23,420 + 800

20-0 band energy gap between the 2MLCT and the ground states.

®Free activation energy change at 298 K.
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as the excitation energy of the SMLCT state (E). However, var-
iation of the phosphorous ligand, which should give larger effects
on the d-d splitting, had an effect on Eogy+AG” similar to or
larger than that on E(yo. These results clearly indicate that the
photochemical ligand substitution reactions proceed via the °LF
excited state thermally produced from the MLCT state.
Scheme 3 illustrates the potential energies of the ground state,
SMLCT state, and LF state versus the bond distance Re—CO.
In the cases of most rhenium(I) diimine tricarbonyl complexes
with a phosphorous ligand, the activation energies (AG”) are
enough small to be overcome even at room temperature
(kgT=207.1cm ! at 298 K). The evaluated activation energy of
3a was 3810 cm ™ ! and the quantum yield of the photochemical
ligand substitution reaction was 0.089 using 366-nm light
(Tables III and IV). However, the complexes which do not have
a phosphorous ligand, such as fac-Re{(MeO);bpy}(CO)3Cl1 (1c)
and fac-[Re(bpy)(CO)s(py)]™ (2a), do not react at all under the
same conditions using 366-nm light. Activation energies (AG”)
of these complexes, as evaluated from the temperature depen-
dence of the emission lifetime and the emission quantum yield,
are drastically smaller. For instance, the AG” of lc was
estimated as 252 cm ™ !. This is the same order of the magnitude

(a)

(b)

SMLCT

Energy

\ Agq’

Ground
state

Re-CO distance

ScHEME 3. Energy versus Re—CO distance for rhenium(I)
complexes. Illustrating the three lowest-lying electronic states: (a) fac-
[Re{(CF3)sbpy}(CO)s5{P(OEt)3}]1 " (3e), (b) fac-[Re(bpy)(CO)s(py)]l” (2a)
and fac-Re{(MeO);bpy}(CO)5Cl (1c¢) for the case of a nonreactive ’LF
state, and (c) 2a and 1c for the case of a large activation energy from
the *MLCT to 3LF states. Copyright 2002 American Chemical Society.
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as the energy caused by dependence of the solvent viscosity on
temperature, and therefore, it should not be attributed to AG”
of the thermal activation from the *MLCT state to the *LF state.

The reasons why these complexes are not active in the photo-
chemical ligand substitution reaction can be classified into two
cases. One is that although the thermal activation from *MLCT
to 5LF is preferable, the energy surface of >LF is not repulsive
and a large activation energy (4Gy”) is required to eliminate
the CO ligand at room temperature (Scheme 3b). The other case
is that the energy gap from >MLCT to 3LF (4G7) is too large to
produce the ’LF state at room temperature (Scheme 3c).

As the pyridine ligand has a relatively weak LF compared to
the phosphorous ligands, the d—d splitting of the pyridine com-
plex should be smaller. Therefore, the “MLCT state energies
(Eoo) of the pyridine complexes are relatively low, for example,
17,490 cm ™~ ! for 2a. The energy was as low as 17,270 cm™ ! for
fac-[Re{(CF3)obpy}(CO)s{P(OEt)s}]" (8¢), which has the strong
electron-withdrawing CF3 groups at the 4,4'-positions of the
bpy ligand. These serve to stabilize the n* state. The similar sit-
uation can be seen in the case of the rhenium(I) complexes with a
Cl™ ligand where LF is even smaller than complexes with pyri-
dine as a ligand. For example, the 3MLCT state energy of fac-
Re{(MeO);bpy}(CO)sCl (1e), which features two electron-donat-
ing substituents on the bpy ligand, was 16,320 cm ™!, which is
slightly lower energy than that of 3c. The °LF excited state
energies of both 1c and 2a should be smaller than that of 3¢
owing to the smaller LFs than the phosphorous ligands. There-
fore, the SMLCT-LF energy gaps of 1¢ and 2a should be similar
or less than that of 3e. Although 3¢ was photoreactive under
366-nm irradiation, 2a and 1¢ were not at all reactive, as men-
tioned above. This result clearly indicates that the fhoto-
stabilities of 2a and 1lc¢ are not caused by a large AG” that
grevents thermal activation to the reactive ’LF state from the

MLCT state (Table V).

Based on the above discussion, the following interpretation has
been proposed using Scheme 3b. Although the potential curves of
the 3LF state and the >MLCT state cross each other in a rela-
tively low-energy region, it is necessary to overcome another
higher-potential barrier for Re—CO bond scission. The Re—CO
bond of 3¢ should be weakened due to the n-acidity of the phos-
phorous ligand in the trans-position to the released CO ligand.
However, it should be reasonable that the Re—CO bonds of 1c
and 2a should be stronger than 3¢ because the pyridine ligand
is a weak m-acid and the Cl™ ligand is a n-base (Scheme 4).
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TABLE V

ProTtopPHYSICAL AND THERMODYNAMIC DATA FOR THE PHOTOCHEMICAL LIGAND
SuBSTITUTION REACTIONS OF fac-[ReXsbpy)(CO)3(Y)]H in CH5CN.

d Eoo®*MLCT)* AG7 398"

Complex 10°s™H  (em Y (cm 1)

X Y n
la H Cl™ 0 320 15,660 4 30 250421
1b CF; CI° 0 4100 13,680+ 20 252494
lc OMe CI- 0 520 16,320+ 1 252440
2a H py 1 40 17,490+ 15 -36+15
2b CF; py 1 400 15,090+ 15 84+8
3¢ CF; POEt); 1 60 17,270+ 50 48204140

20—0 band energy gaps between the MLCT and the ground states.
Free activation energy change at 298 K.
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ScHEME 4. Trans-effects of the ligands to the Re—CO bond.

E. MurtinucLEAR RHENTUM(I) COMPLEXES

Because of the significant features of the rhenium(I)
complexes, such as strong photoabsorption, intense emission,
and catalytic activities, they have been adopted as building
blocks for constructing various multinuclear complexes. For
instance, rhenium complexes introduced as pendant molecules
on polymer chains have been reported (Fig. 13).

All these polymers, A (39), B (40), C (41,42), D (43), showed dis-
tinctive absorption and emission due to the MLCT transition of
the rhenium(I) diimine complexes. Among these rhenium-con-
taining polymers, polymer C has the most notable emission pro-
perties, with an emission quantum yield and a lifetime
(0.,=0.132, 1.=2019 ns in a deaerated CH5Cl, solution) compa-
rable to those of the corresponding mononuclear complex
(¢,=0.181, 7,=2200 ns) (43).

fac-[Re(diimine)(CO)sX]™" (m =0, 1) type complexes have been
also employed as “L-shaped” building blocks for constructing
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Fic. 13. Polymer molecules containing rhenium(I) tricarbonyl
complexes as pendant molecules.

“molecular polygons” because various kinds of molecules could be
introduced into these complexes as the diimine ligand and the
monodentate ligand X (Fig. 14a (44), b (45), ¢ (45), d (46)). Many
of these molecular polygons emit in solution even at room
temperature.

Recently, a series of linear-shaped rhenium multinuclear
complexes were synthesized by applying the photochemical
ligand substitution reaction of the rhenium(I) diimine complexes
with a phosphorus ligand to the rhenium(I) binuclear complexes
bridged with a bidentate phosphorous ligand. First, two CO lig-
ands in the trans-position to the phosphorous ligands were pho-
tochemically substituted sequentially with CH3CN, which can
be easily substituted by thermal activation (Scheme 5) (47). This
product can be polymerized by the reaction with the appropriate
amount of a bidentate ligand such as bidentate phosphorous lig-
ands and 4,4'-bipyridine (48-50). This produces linear-shaped
rhenium(I) multinuclear complexes with 2—20 nuclei, which were
successfully isolated by size-exclusion chromatography (Fig. 15).

All the linear-shaped multinuclear complexes emit in solution
at room temperature. Although UV/Vis light can be absorbed
by all the Re(I) units, most of the emission comes from the inte-
rior Re(I) biscarbonyl unit(s) because excitation energy absorbed
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RHENIUM() DIIMINE COMPLEXES 163

////

-y Soe

x=0-3

Fic. 15. Linear-shaped Re(I) oligomers and polymers constructed
with bidentate phosphine ligands.

by the edge Re(I) tricarbonyl units is rapidly transferred to the
interior units (49). The photophysical properties of linear-shaped
multinuclear complexes bridged by 1,2-bis(diphenylphosphino)
ethane (dppe) are summarized in Table VI.

F. PuorocHEMmIcAL REAcTIONS OF fac-Re(bpy)(CO)3Cl FrROM
HicHER EXCITED STATES

As described above, most rhenium(I) diimine tricarbonyl
complexes for which the lowest excited state is the MLCT state
are stable against irradiation with light of wavelength longer
than 340 nm. The exception is complexes with phosphorous lig-
ands (Section III.D). Actually, this kind of photochemical ligand
substitution reaction of fac-Re(diimine)(CO)3Cl and fac-[Re
(diimine)(CO)s(X-py)l" (X-py =pyridine derivative) does not pro-
ceed by irradiation using A>330 nm light. However, it has been
recently reported that photochemical ligand substitution and
photochemical isomerization of 1la occur from higher excited
states.

Although 1a was photostable under 366-nm irradiation, irradi-
ation with higher-energy light than 340nm does cause
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TABLE VI

7. * (ns)

Observed at 480 nm Observed at 575 nm
n )Vem (1’11’11) (pe T1 Tg T3 T1 Tg T3 ketc (107 s 1)
2 523 0.072 865(100) - - 865(100) - - -
3 572 0.073 11(91) - 823(9) - - 833(100) 8.98
4 572 0.066 11(73) 128(7) 798(20) - 128(12) 798(88) 8.98
5 572 0.062 11(83) 112(1) 796(16) - 112(5) 796(95) 8.98
6 571 0.058 11(57) 129(5) 768(38) - 129(12) 768(88) 8.98
8 571 0.056 10(86) 110(2) 763(12) - 110(11) 763(89) 9.88
10 572 0.053 8(81) 168(12) 720(8) - 168(21) 720(79) 12.38
12 572 0.051 7(82) 118(4) 758(14) - 118(15) 758(85) 14.17
15 572 0.049 4(96) 162(4) - - 162(20) 764(80) 24.88
16 572 0.048 5(87) 64(3) 757(10) - 64(22) 757(78) 19.88
20 572 0.046 4(92) 132(8) - - 132(14) 747(86) 24.88

“Measured in a deoxygenated acetonitrile solution at 298 K.
bLifetime. Numbers in parentheses are percentages of preexponential factors of triexponential decay fitting results.
‘Energy-transfer rates from the edge units to the interior ones (&.y).
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photochemical reactions. Irradiation of 1a using 313-nm light in
an Ar-saturated acetonitrile solution gave (OC-6-34)-[Re(bpy)
(CO)2(CH3CN)CI] (4), which is a CO ligand substitution product
and (0OC-6-24)-[Re(bpy)(CO);CI(CH3CN)] (5), an isomer of 4
(Eq. 11). Complex 5 was isomerized to (OC-6-44)-[Re(bpy)
(CO)o(CH3CN)CI] (6) even in the dark (51). The reaction quan-
tum yield evaluated from the consumption of complex 1la was
0.01+0.001, which increased using higher-energy light.

X NCCH3 X C
N iN
hy (313nm
Re co + Re—Cl
in CH30N

Ar sat.

NCCH3
1a 4 5 =N

in the dark

(11)

Photochemical isomerization of 1a to the mer-isomer (7) in a CO-
saturated THF solution proceeded by 313-nm irradiation instead
of the ligand substitution reaction (Eq. 12) (52).

z X, CO Z X, CO
— —N
N///,, hy (313nm) %,
N Re—CO ———*> N Re —Cl
N~ in THF N

| \CO under CO CcO (12)
cl cO

fac-[Re(bpy)(CO);Cl] mer-[Re(bpy)(CO)5Cl]
1a 7

The photochemical ligand substitution reaction of la was
investigated by ultrafast TR-IR spectroscopy (Fig. 16) (51). An
acetonitrile solution of 1a was irradiated by a 266-nm laser pulse
(~150 fs pulse width). A broad IR absorption band which was
attributed to the reaction products in higher vibrational excited
states was produced within 1 ps after the laser flash. The broad
band sharpened and a vg, peak at 1828 cm™ ' of the reaction
product was observed in the 50- to 100-ps duration. This time
scale is much shorter than the decay of the lowest SMLCT excited
state (right-hand side of Fig. 16). The TR-IR results indicate that
this photochemical reaction proceeds from higher vibrational
states or high-energy electronic exc1ted states instead of the
lower vibrational excited states of MLCT and thermal accessible
states from MLCT such as the ’LF state.
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Fic. 16. Picosecond (left) and nanosecond (right) difference TR-IR
spectra of 1a in MeCN measured at selected time delays after excita-
tion (ps pulse: 266 nm, ~150fs with Ti:Sapphire laser; ns pulse:
267 nm—1 ns with Nd:YAG laser). Experimental points are separated
by 4-5 cm™ ', Inset: expansion of the low-wavenumber region showing
the formation of the photoproduct band. Copyright 2007 American
Chemical Society.

G. PnoorocuemicaL Reactions oF THE LicanDd IN Re(I) CoOMPLEXES

Three types of photochemical reactions of the ligand in
rhenium(I) diimine carbonyl complexes have been reported by
several authors.

fac-[Re(bpy)(CO)3(4-cyanopyridine)] " (2¢) was irradiated at
355 nm in a COs-saturated triethanolamine (TEOA)-DMF (1:5
v/v) solution giving fac-[Re(bpy)(CO)3(CN)] (8) with a 53% quan-
tum yield (Eq. 13) (53). This reaction proceeds via the photo-
chemical reduction of 2¢ by TEOA.

2\, CO 7\, CO
— —N
N///,, | hv (365 nm) N ///R| co
N Re—CO - e—
) N in TEOADMF (15 viv)  N—F RS

CO CO, sat. CN CO

53%
CN
2c
(13)

The second example is the photoinduced alkylation of the
bipyridine ligand in fac-Re(bpy)(CO)sBr in the presence of
triethylamine (TEA) in a DMF solution (Eq. 14) (54).
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(14)

The formation yield was 10-43% depending on reaction
conditions. This reaction is also initiated by photochemical
reduction of the Re(I) complex by TEA. Interestingly, the ethyl
group was only introduced at the 5-position of the bpy ligand.

The trans—cis photoisomerization of the “stilbene-type” ligand
in the Re(I) diimine complexes has been reported (55).

(15)
OoC //,/ \\\N OC//// \\\\ N
oc” | \ oc?” | \N
CcO CcO
For instance, fac-[Re(phen)(CO)s(trans-stpy)]t (phen=1, 10-
phenanthroline, trans-stpy =trans-4-styrylpyridine) was

irradiated at three different wavelengths (313, 334, and
365 nm) in an acetonitrile solution. Although there is no absorp-
tion by free trans-stpy at 365 nm, isomerization of the trans-stpy
ligand to the cis-form proceeded with reaction quantum yields of
0.35, 0.36, and 0.31, respectively (56). The photochemical isomer-
ization proceeds via intramolecular sens1t1zat10n that is,
MLCT, 'nn—3MLCT — 3nn(trans-stpy) — 3nn* of which trans-
stpy hgand is twisted (57).

IV.  Rhenium(l) Complexes as Highly Efficient Photocatalyst

As noted above (Section II), rhenium(I) complexes have
relatively long excitation lifetimes in solution at room tempera-
ture and can be used as redox photosensitizers that drive
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single-electron transfer with a strong oxidation power. Further,
by choosing appropriate ligands, these complexes can act as elec-
trochemical catalysts that drive the two-electron reduction of
CO; (58). These are the reasons why rhenium(l) complexes
can “single-handedly” work as photocatalysts. The high
photocatalytic abilities of some rhenium(I) complexes toward
COg reduction have received great attention.

As the utilization of CO, using solar energy is a promising
technique toward resolving both serious problems of global
warming and the exhaustion of fossil fuels, development of
photocatalysts as a key player for this technique is desired.
Although many studies regarding photocatalytic systems simul-
taneously using Ru(bpy)s>™ (bpy =2,2"-bipyridine) as a photosen-
sitizer and metal complexes, enzymes, and metal colloids as a
catalyst, which can convert photochemical single-electron trans-
fer into multielectron reduction, and also about semiconductor
photocatalysts, have been reported, there still exist problems
such as low-reaction efficiencies and product selectivities. Rhe-
nium complexes, however, are some of the few photocatalysts
that allow both a high reaction efficiency and product selectivity.
This section gives an overview about the eminent photocatalyses
of rhenium complexes.

A. MonoNucLEAR RHENTUM(I) COMPLEXES

Almost 30 years ago, Lehn et al. (59,60) first reported the
photocatalytic reduction of CO; by a rhenium(I) complex. They
found that fac-Re(bpy)(CO)3Cl (1a) could efficiently produce CO
from COy using TEOA as a sacrificial reductant. The quantum
yield (@co) of this reaction was 0.14, and 1la was the most
efficient photocatalyst for COy reduction at the time. The other
outstanding feature of this photocatalytic reaction is its high-
product selectivity. That is, the product produced using 1la is
almost exclusively CO, while most other photocatalytic systems
yield Hy and/or formic acid as side products (Table VII).

The identity of the ancillary monodentate ligand greatly
influences on the photocatalytic ability of the rhenium complexes.
fac-[Re(bpy)(CO)3{P(OEt)3}]" (8a) is a superior photocatalyst
(@c0=0.38) to 1a (61). However, the quantum yield of CO produc-
tion reduces to 0.05 if fac-[Re(bpy)(CO)3(PPhg)] ™ (3f) is employed
(62). fac-[Re(bpy)(CO)3(py)l" (2a), with a pyridine ligand, does
not function effectively as a photocatalyst (29). The complex fac-
Re(bpy)(CO)3(NCS) (12), with an anionic ancillary ligand, is a good
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TABLE VII
ProrocaTarytic CO, REpucTiON UsiNG RHENTUM(I) BIPYRIDINE COMPLEXES.
X L “n+
=
AN Nl/”I“"R| N cO
=N "~co
XS L hy (365nm)
Cco, »CO

DMF-TEOA (5:1 viv)

Rhenium complex

Ey™d (V) ®co° Ref.

Entry X L L n
(1) fac-[Re(4,4'X5-bpy)(CO)sLI™
la H Cl™ CO 0 -1.67 0.14 (60,64)
3a H P(OEt)3 CO 1 -—-1.43 0.38 (61,65)
3j MeO P(OEt)s CO 1 -1.67 0.33 (64)
3c CF; P(OEt)3 CO 1 -1.03 0.005 (65)
3f H PPhj CO 1 -1.40 0.05 (62,65)
2a H by Co 1 0.03  (29)
12 H NCS™ CO 0 -161 0.30 (64)
8 H CN™ CO 0 -167 0 (64)
MS MeO P(OEt)s CO 1 -1.67 0.59 (64)

H CH;CN CO 1 —1.49°
13 H CH;CN CO 1 —-149° 0.04 (64)
14 H OCHO™ CcO 0 -1.72° 0.05 (62)
(2) cis,trans-[Re(4,4'-Xo-bpy)(CO),LL/1" "
11a H P(OEt)s P(OEt)3 1 -1.69 ~0 (66)
11d Me P(@-FPh); P(OMe)s 1 174 0.09 (33,67)
1le Me P(@-FPh); P@E-FPh); 1 —-1.73 0.20 (33,67)
11f Me P(Oi-Pr); P(Oi-Pr); 1 -1.86 0.02 (33,67)

“Reduction potentials of the complexes versus Ag/AgNO3; measured in CH3CN.
®Quantum yields of CO formation.
°Reduction potential converted from Ref. (71) with E1,,™¢ versus Fe/Fc™ + 0.09 V.

photocatalyst, while fac-Re(bpy)(CO)3(CN) (8), which also possess
an anionic ligand, cannot photocatalyze CO, reduction (63,64).

The substituents on the bipyridine ligand are also of importance
(65). The complex 3¢, which has electron-withdrawing CFj
groups, shows only low COs-reducing abilities (-0 =0.005). How-
ever, the introduction of electron-donating MeO groups did not
influence the photocatalytic ability of the rhenium complex 3j.

A strong correlation between the first reduction potential
and the photocatalytic ability of rhenium complexes has
been reported (65). For example, complexes with E15™°%>—1.4V
versus Ag/AgNO; show only low photocatalytic ability for CO,
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reduction. Conversely, many of the complexes with
E157%< —1.4V versus Ag/AgNO; show high photocatalytic abil-
ity. Although 3f, 2a, and 8 are exceptions, the reasons for this have
been clarified. For 3f, the PPhs ligand dissociated relatively
quickly from the one-electron reduced (OER) species [Re(bpy)
(CO)3(PPhg)], which is produced by photochemical electron trans-
fer from the reductant TEOA (Eq. 16). Because the OER species
of the solvent complex [Re(bpy)(CO)3(S)] (15, S=DMF, TEOA)
has a more negative E1,,™? than that of 3f, electron transfer from
15~ to 3f proceeds (Eq. 17). Due to Eqgs. (16) and (17) occurring
repeatedly, 3f is converted into 15 in a chain reaction. A similar
chain reaction occurs with 2a. The quantum yields of this ligand
substitution via light-induced electron transfer are reported as
16.9 for 3f and 50.3 for 2a (29,62). Due to the short lifetime of its
excited state, 15 shows only a low photocatalytic ability.

[Re(bpy*~)(CO)4(PPhg)] +S — [Re(bpy’~)(CO)4(S)] + PPhg
(16)

[Re(bpy)(CO);(PPhs)] + [Re(bpy* )(CO),(S)]
— [Re(bpy"~)(CO)5(PPhs)] + [Re(bpy)(CO)4(S)]

The reason why 8 does not work as a photocatalyst will be
discussed later.

The photocatalytic COy reduction abilities of the biscarbonyl
complexes cis,trans-[Re(4,4'-X5-2,2'-bpy)(CO)o(PR3)(PR’3)]" have
been also reported. Generally, switching of the strongly elec-
tron-attracting CO ligand by other ligands results in a decrease
of the excitation energy of the lowest >MLCT excited state and
leads to shortening of the excited state lifetime according to the
Energy Gap Law (5). Although this is favorable considering the
use of the solar energy as such complexes are able to absorb light
of longer wavelengths, it also means that light-induced electron
transfer, which is the initiating reaction in the photocatalytic
reaction, is suppressed due to the lowering of the oxidation power
of the excited state. In fact, COy reduction does not proceed
with cis,trans-[Re(LL)(CO)o{P(OEt)s}o] " (11a, LL=bpy, 4,4'-Me,-
2,2'-bpy) even under the same conditions as the photocatalytic
reaction of 3a (66). However, biscarbonyl complexes with two
triphenylphosphine derivatives show exceptional photocatalytic
behavior. Photocatalytic CO, reduction proceeded with quantum
yield of 0.20 using 11e, which has electron-withdrawing F atoms
at the p-positions of the phenyl groups (33,67). This is a result of
the emergence of n—n interactions between the aryl groups of the

(17)
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phosphine ligands and the diimine ligand (see Section II.C). This
weak interaction between the ligands red-shifts the MLCT absorp-
tion band, but blue-shifts the emission from the MLCT excited
state. The excited state lifetime becomes longer (1=1.0 ps), and
the oxidation power of the excited state is enhanced. These
changes in the complexes’ properties are all positive in terms of
promoting the photocatalytic reaction.

Aiming at enhancing the efficiency of the photocatalytic reac-
tion using rhenium complexes, CO; reduction under various
conditions were considered. Under a pressurized CO, atmo-
sphere (2.45 MPa), the photocatalytic ability of fac-Re(bpy)
(CO)3ClI increases as compared to atmospheric pressure and the
turnover number (TNco=the number of CO molecules pro-
duced/the number of rhenium complex molecules used) become
5.1 times greater (68). At a pressure of 1.36 MPa, fac-[Re(bpy)
(CO)5{P(0i-Pr)s}]t showed a 3.8-fold increase in TN¢o (69). The
explanation given for such increase in the durability of rhenium
complexes as photocatalysts is the suppression of the decomposi-
tion of the rhenium complexes by side reactions. From the same
perspective, photocatalytic CO, reduction using rhenium
complexes in supercritical or liquid COy, which has been given
great attention as a clean solvent, has been considered. The com-
plex employed in this study was fac-[Re(bpy)(CO)s{P(OCgH13)3}]
(BArF) (70), which has a fluorinated counter anion BArF~
(tetrakis[3,5-bis(trifluoromethyl)phenyl]borate) to increase solu-
bility in liquid COs. CO production in liquid COy at 7.0 MPa
was confirmed to have a TN of 2.2 using this complex.

Further, gas—solid state reactions are possible with solid
catalysts that have fac-Re(bpy)CO)3Cl or fac-[Re(bpy)
(CO)3(py)]" embedded in the pores of porous materials such as
zeolite (NaY) and mesoporous silica (AIMCM-41). CO production
using these catalysts with adsorbed water and COy has been con-
firmed (72,73). From the fact that CO, reduction proceeds with-
out the addition of a reducing agent, the AIMCM-41 framework
has been suspected as serving as the reducing agent.

As noted above, in most cases, in which rhenium(I) complexes
are employed as a photocatalyst, CO5 reduction to CO selectively
proceeds, and hydrogen and formic acid are barely formed even
under conditions associated with significant quantities of proton
donors such as water and TEOA. However, only the following
two cases of hydrogen-generating photocatalytic reactions using
rhenium complexes have been reported. In ether solvents such
as THF, irradiation of fac-Re(bpy)(CO)sBr under an Ar atmo-
sphere in the presence of TEA generated hydrogen catalytically
(TN =7-10) (74). Also, it has been reported that rhenium
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complexes intercalated between layers of Hectorite function as
hydrogen-generating photocatalysts (75).

Reactions using rhenium complexes as redox photosensitizers
for hydrogen generation have also been reported. The coexistence
of Co complexes (76,77) or Fe complexes (78) as catalyst induced
efficient hydrogen generation.

B. ReactioN MECHANISM

The lowest excited state of the rhenium complexes used in
photocatalytic reactions is almost without exception the >MLCT
state. As stated in Section II, the MLCT state has a long lifetime
and is reduced into an OER species by a suitable reductant
(Eq. 18).

[Re!(LL) (CO),X] " iph [Rel(LL")(CO),X| " D

D =TEOA, TEA (18)

The *MLCT excited state of the rhenium complexes is a more pow-
erful oxidizing agent than the ground state. While the first reduc-
tion wave of 1a in the ground state is E1™%=—1.35V vs. SCE
(79), in the 2MLCT excited state, it becomes *E;5™%=+1.15V,
with the oxidation power enhanced by the excitation energy
(2.50 eV) (80). Therefore, the >MLCT excited state is reductively
quenched by TEOA (Eq=-+0.80 V vs. SCE (28)) or TEA (E,°* =
+1.15V vs. SCE (81)). For 1a and 3a, the rate constants of
quenching by TEOA are k;=8.0x 107 and 1.1x10°M 's™ 1,
respectively. The initial process of this photocatalytic reaction
has been studied in detail by Kutal et al. (82,83),
Kalyanasundaram et al. (28), and Turner et al. (84) by laser flash
photolysis. The formation of the OER species, fac-[Re'(bpy ™)
(CO)3X] (X=Cl, Br), has been clearly demonstrated.

Because the potential of the one-electron reduction of CO is
—1.9V (vs. NHE), neither the >MLCT excited state nor the
OER species of rhenium complexes can reduce CO, with a single
electron through outer-sphere electron transfer. As shown in
Eq. (19), however, the potential for obtaining CO by two-electron
reduction of COy shifts positively to —0.53 V (vs. NHE: these
potentials of COy reduction are close to the values in CH3CN
vs. SCE (80)). Such two-electron reduction of CO5 has been
reported to proceed efficiently using rhenium(I) complexes as
electrochemical catalyst (Eqs. 20-22) (79,85).
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COs +2H" +2e~ — CO + Hy0 (19)
[Re(bpy)(CO),Cl] +2¢~ — [Re(bpy)(CO),] +C1  (20)
[Re(bpy)(CO)3] + COz — [Re(bpy)(CO)3COz]~  (21)

[Re(bpy)(C0O)3CO5] ™ + COy & [Re(bpy)(CO),Cl] + CO + COg%  (22)

In photoreactions, however, in principle, only one-electron trans-
fer occurs with one photon and two electrons cannot be simulta-
neously inserted into the complex, as can be achieved
electrochemically. The OER species of fac-[Re(LL)(CO)3(PRg)] -
type complexes are especially stable, and their accumulation
can be detected even during photocatalytic COy reduction (65).
This allows the reaction between this OER species and CO; to
be studied in detail. For example, the OER species of fac-[Re
(dmb)(CO)3{P(OEt)3}]" decayed slowly according to a second-
order kinetics under an Ar atmosphere, but became faster
according to Pseudo-ﬁrst-order kinetics under COq
(k1=5.6x10"*M's?! at [CO,]=0.139 M) (65). This rate con-
stant increased Wlth h1%her COs concentration. The first reduc-
tion potentials (E5"™®%) of rhenium complexes, which is
attributable to the reduction of bpy ligand reduction (bpy/bpy ),
the reaction rates of the corresponding OER species and COs,
and the CO production quantum yields of known photocatalysts
are summarized in Table VIII. It 1 Is noteworthy that %, is rela-
tively large for complexes with E1,™% < — 1.4V, and they function
well as photocatalysts for COz reduction. This potentlal is impor-
tant as complexes with E15> —1.4V have low photocatalytic
abilities and react slowly with CO,.

The three rhenium complexes with anionic ligands, fac-[Re
(bpy)X(CO)3(L)] (12: L=NCS™, 8: CN™, 1a: Cl), show similar
photophysical and electrochemical characteristics (Table IX).

However, their photocatalytic abilities differ significantly. Spe-
cifically, while 12 is a better photocatalyst than 1a, 8 shows
absolutely no photocatalytic behavior. The reason for 8 not to
show photocatalytic behavior is that elimination of the CN™
ligand from the OER species does not proceed. As elimination
of the C1™ ligand from the OER species of 1a (Eq. 23) is relatively
fast, only a minute accumulation of the OER species is observed
under standard photocatalytic conditions. This elimination
reaction was also observed by spectroelectrochemistry (71,86-88).
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TABLE VIII

Prorocararyric COy REDUCTION USING fac-[Re(4,4’-Xobpy)(CO)s(PR/)]F,*
ReactioN oF THE CoRRESPONDING OER Species wiTH COs, AND THEIR REDUCTION

POTENTIALS.

[Re(4,4'-X -bpy)(CO)3(PR/3)]

Entry X PR/; Eyo (V) k(A0 °M ish  po?
3d H P(n-Bu); —~1.39 10.7 0.013
3e H PEt; —-1.39 3.5 0.024
3h H P(Oi-Pr); —1.44 94.2 0.20
3a H P(OEt); —1.43 56.0 0.16
3i H P(OMe)s —1.41 60.0 0.17
3b Me P(OEt); —~1.55 186 0.18
3c CF;  P(OEt); —~1.03 5.2 0.005

Adapted with permission from Ref. (65). Copyright 1997 American Chemical Society.
“A DMF-TEOA (5:1 v/v) solution containing a complex (2.6 mM) was irradiated at
365 nm (light intensity, 1.27 x 10~ 8 einstein s~ 1).
®Reduction potentials of the complexes versus Ag/AgNOs.
“Second-order reaction rate constants of the OER species and CO, (0.139 M).
4Quantum yield of CO formation.

TABLE IX
ProTtoprHYSICAL AND ELECTROCHEMICAL PROPERTIES OF RHENIUM COMPLEXES.
/Lmaxabs a )‘maxem b 'CC El/zred d
Complex (nm) (nm) (ns) V) dco’ TNeo
la 376 637 258 -1.67 0.14 15
12 371 635 30 —-1.61 030 30
8 356 611 87 -1.67 0 0

Copyright 2008 American Chemical Society.
Adapted with permission from Ref. (64)
“Absorption maxima in DMF.
*Emission maxima in DMF at room temperature.
‘Excited state lifetimes in DMF at room temperature under an Ar atmosphere.
9Reduction potentials of the complexes versus Ag/AgNOs.
°Quantum yields of CO formation (365-nm light irradiation with
7.5 %107 % einstein s~ 1).
'Turnover numbers of CO formation.
#in MeCN, Ref. (28).

Re‘(bpy°*)(00)301}_ o [Rel(bpy“)(CO)g} + Cl
< [Re’(bpy)(CO);] + CI~

As the active species formed by elimination of the Cl™ ligand
possesses the characteristics of a 17-electron species (Eq. 23),

(23)
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it reacts with CO, to generate the corresponding “CO5 adduct”
(Eq. 24). Two-electron reduction of COo proceeds due to a second
one-electron reduction of this CO, adduct by another molecule of
the OER species (Eq. 25). At this point, 1a is regenerated by
recoordination of Cl™.

[Re(bpy)(CO),] + COy — “COy adduct” (24)

“CO, adduct” + [Rel(bpy'—)(CO)gcq "L co+2 Re‘(bpy)(00)301] (25)

The photocatalytic reaction proceeds via a similar mechanism
with complex 12 (Scheme 6). However, the elimination reaction
of the SCN™ ligand from the OER species of 12 is slower than
that of the Cl™ ligand from 1a. Thus, the photocatalytic reaction
proceeds with OER species accumulated to some extent in the
solution. Therefore, it is believed that the high photocatalytic
activity of 12 arises as a result of the rapid electron transfer from
the OER species to the “CO, adduct” (64).

If the lifetime of the OER species is relatively long, an inner fil-
ter effect is observed, as the OER species is able to absorb over a
wide spectrum, ranging from the ultraviolet region to the visible
region. Due to the inner filter effect, the ratio of photons
absorbed by the initial complex decreases, lowering the apparent
quantum yield of CO; reduction under high light intensity. Fur-
ther, photolysis of the OER species proceeds under such
conditions, also lowering TN¢o, in many cases.

However, the rhenium complexes for which the corresponding
OER species rapidly lose the monodentate ligand, such as 1a, 3f,
and 2a, have been reported to be converted into fac-[Re(bpy)
(CO)3(OCHO)] (14) during the photocatalytic reaction. Due to its
low COg reduction photocatalysis efficiency (#co=0.05), the pho-
tocatalysis diminishes as this complex forms (29,62). It is proposed

_ NeS 1T NesT NCS™ _~ rlxlcs
S5 IN//, | wCO + A N/I/,, ‘\\\\CO
i . Re(bpy)(CO S~ Re'
% /Rle\co [Re(bpy)(CO),] [Re(bpy)(CO)3] o
= co Cozﬂ }/v co = co

- [CO, adducts]
. NCS | /2_\ _—~, Ncs
= N/““'Rl “\\\\CO = N/I“"Rl “\\\\CO
—~N""1"~co —~N""1"~co
= co = co

ScHEME 6. Reaction mechanism of the OER species of fac-[Re(bpy)
(CO)3(NCS)] (12) and COs..
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that a rhenium hydride complex is an intermediate in the path-
way to this formate complex (60), but this remains speculative.

Although the structure of the “CO5 adduct,” which is an impor-
tant intermediate in the photocatalysis of the rhenium
complexes, has not yet been confirmed, several proposals have
been made. As candidates, a COs-bridged binuclear complex
(CO)3(dmb)Re—CO2—Re(dmb)(CO); (16, dmb=4,4-dimethyl-
2,2'-bipyridine) and a rhenium carboxylate complex Re(bpy)
(CO)3(COOH) (17) were synthesized.

Fujita et al. (89-91) reported that 16 is produced by irradiating
the rhenium dimer complex, (CO)s(dmb)Re—Re(dmb)(CO)3, in
THEF under a CO5 atmosphere. This reaction has been reported
to proceed by the reaction between CO5 and the 17-electron spe-
cies [Re(dmb)(CO)s] generated by light-induced homolysis of the
dimer (see Section III.B for homolysis of the Re—Re bond). The
photoreaction of (CO)s(dmb)Re—COs;—Re(dmb)(CO)s with CO,
quantitatively yielded CO and CO3%".

17 is synthesized by reacting Re(bpy)(CO)," with OH . This reac-
tion is reversible, producing Re(bpy)(CO), " through the elimination
of OH™ from Re(bpy)(CO)3(COOH) (Eq. 26). When exposed to
light, Re(bpy)(CO)," released one CO ligand (see Section III.C for
the photochemical reaction of this complex) and was thereby con-
verted efficiently into fac-[Re(bpy)(CO)sS]* (S =solvent) (92-94).

[Re(bpy)(CO),]" + OH = [Re(bpy)(CO),(COOH)]  (26)

The formation of the formate complex 14 as an alternate CO,
adduct has been noted above. No CO is directly produced from
this complex, however, and also due to its low photocatalytic abil-
ity, 14 itself is seen as a “dead end” product rather than a reac-
tion intermediate (60,62). Recently, Fujita et al. (95) have
proposed a possibility that there is a switch between the two
“COy adducts” as the photocatalytic reaction proceeds. That is,
a mechanism in which dimer 16 is the main intermediate early
in the photocatalytic reaction, but due to the increase in H" con-
centration as the reaction proceeds, the carboxylate complex 17
becomes the intermediate (95). However, no report detecting
either “CO; adduct” in photocatalytic reaction solution has been
published, indicating a need for further research.

C. MULTICOMPONENT SYSTEMS

As stated above, CO, reduction proceeds by the OER species of
the rhenium complex serving two roles. That is, (1) serving as a
single-electron donor and (2) ligand elimination to generate a
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17-electron species that reacts directly with CO,. For the OER
species to serve these two roles (1) requires stability while (2)
requires instability, demanding contradicting features. Based
on this consideration, high photocatalytic attributes have been
achieved by employment of a mixture of two rhenium complexes
(MS), each with optimized functions. fac-[Re{4,4’-(MeO)sbpy}
(CO)5{P(OEt)s]" (8j) yields the corresponding OER species
with high efficiency (#=1.6) under photocatalytic reaction
conditions, and this OER species has a strong oxidation power
(E1o™%=—1.67V vs. Ag/AgNOs). Although the CO, reduction
quantum yield using this complex alone is fairly high at 0.33,
the addition of a small amount of fac-[Re(bpy)(CO)s(CN3CN)]*
(13), which shows nearly no CO, reducing ability, led to the most
efficient CO, photoreduction among known homogeneous
photocatalysts (#co=0.59) (64). Complex 3j functions as a photo-
sensitizer for single-electron transfer in this mixed photocatalyst
system. However, fac-[Re(bpy)(CO)3(CNsCN)I" (18) forms 17-
electron species efficiently, as elimination of the monodentate
ligand occurs rapidly after receiving one electron from the OER
species of 3j. After reacting with CO,, the CO, adduct receives
another electron from the OER species of 3j to produce CO and
complete its role as a catalyst (Scheme 7).

One drawback of rhenium tricarbonyl complexes, fac-[Re(bpy)
(CO)sL]™", is that their absorption of visible light is weak (see

ﬁ"
\ MeO <=~  P(OEt);
=~ —Na _| | 4CO
T / 5’ R’Ie‘ co
SNA i aCO [CO, adduct] MeO co
AN 1€
-

~co )

»clf)O o " 31
= Q/ - ~ 1

g > ReL o L

= co ~ co

N,F\’Ie‘co MeO <= P(OEt),
=<>Na |, uCO
13 = ~N—FfF~co
p
MeO X co

®y,=0.591! O

ScHEME 7. Schematic representation of multicomponent system with
3j as photosensitizer and 13 as catalyst of which acetonitrile ligand can
be substituted with L such as DMF and TEOA in the reaction solution.
Adapted with permission from Ref. (64). Copyright 2008 American
Chemical Society.
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Fig. 3). However, [Ru'(dmb)3]*" (dmb=4,4"-dimethyl-2,2"-
bipyridine) strongly absorbs light in the visible region and has a
long excited state lifetime of 881 ns and therefore can be employed
as a redox photosensitizer. Because the OER species
[Ru'l(dmb)o(dmb )", produced by reductive quenching of its
SMLCT excited state by a reductant such as 1-benzyl-1,4-
dihydronicotinamide (BNAH), has a strong reducing power of
—1.77V vs. Ag/AgNQOg, it can reduce rhenium complexes such as
fac-Re(dmb)(CO)3Cl (E12=—1.78 V vs. Ag/AgNO3), fac-[Re(dmb)
(CO)5{P(OEt)3}]" (E1p=-1.60V vs. Ag/AgNOs), and fac-[Re
(dmb)(CO)5(py)] " (E1/0=—1.64 Vvs. Ag/AgNOs) by electron trans-
fer to give the corresponding OER species. In fact, irradiation of a
1:1 mixture of [Ru(dmb)s]®>" and fac-Re(dmb)(CO)5Cl using > 500-
nm light in the presence of BNAH photocatalytically reduced CO,
to CO (@CQZO.062, TNCO = 101) (96)

D. RurHENIUM(IT)-RHENTUM(I) SUPRAMOLECULAR PHOTOCATALYSTS

Aiming to promote electron transfer from the OER species of
[Ru(dmb)s]?* to the rhenium complex, supramolecular complexes
connecting these two molecules have been synthesized
(Scheme 8). The photocatalytic reaction of RuC3(OH)ReCl that
has [Ru(dmb)s]®*" and fac-Re(dmb)(CO)sCl connected with a
—CH,;CH(OH)CHy— group between each one of diimine ligands
was reported first. The COy reduction photocatalytic ability of
this supramolecular complex is higher than the mixture of the
corresponding mononuclear complexes, reaching &co=0.12 and
TNco=170 (96).

Photocatalysis using these supramolecular complexes shows a
strong dependence on the number of carbon atoms within the
bridge and as can be seen from the results of RuC2Re
(@0020.13, TNCOZ 180), RuC4Re (¢CO:0-11, TNcoz 120),
and RuC6Re ($c0=0.11, TNco=120). Bridging by a —CoH,—
group gave the highest CO; reduction photocatalytic ability
(97). The effect of the monodentate ligand of the rhenium unit
is also important. The complex with a P(OEt); ligand RuC3
(OH)ReP(OEt); showed superior photocatalytic behavior
(@c0=0.21, TNco=232), but on the contrary, RuC3(OH)Repy
exhibited reduced durability (TNco=97) (98).

Supramolecular photocatalysts connecting several rhenium
complexes to a ruthenium complex and connecting several ruthe-
nium complexes to one rhenium complex have also been
synthesized. The photocatalytic abilities toward COy reduction
of each were RuRe2 (TN¢o=190), Ru2Re (TNco=110)
(99,100), RuRe3 (¢co0=10.093, TNco=240) (96).



L In+ co )2+

i oc co
N'n,,,,. | «CO \R'/
= N7 | ~co
= co

RuC3(OH)ReCl (n=2)
RuC3(OH)ReP(OEt), (n=3)
RuC3(OH)Repy (n=3)

RuC2Re (n=0)
RuC4Re (n=2)
RuC6Re (n=4)

cl T2+
N, | wcO
N">co
co
H
Ru(mfibpy)Re
T e
c . C T2
: /N N.'m,,, | « CO
NN e
co
Re(mfibpy)Ru ZnTMP-ReCl

ScHEME 8. Structures and abbreviations of supramolecular photocatalysts.
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However, photocatalytic activity was lowered in the cases of Ru
(mfibpy)Re and Re(mfibpy)Ru with conjugated bridges. This is
thought to be due to more favorable electron transfer between the
Ru and Re units (TNgo =14, 28, respectively) (96). A decrease in
the reducing power of the rhenium complex due to the use of the
conjugate bridging ligand is the cause of the attenuated photo-
catalysis. As stated in Section IV.A, rhenium complexes cannot
photocatalyze CO5 reduction unless the redox potentials Eq,,"¢
are more positive than — 1.4 V vs. Ag/AgNO;. As E1,™°¢=—-1.10V
for Ru(mfibpy)Re and E;,,"¢=—1.10V for Re(mfibpy)Ru, this
condition is not satisfied. This is likely to be the reason why these
supramolecules demonstrated only low photocatalytic abilities.

Photocatalytic CO5 reduction of a supramolecule with a Zn por-
phyrin unit, which is a redox photosensitizer that can absorb
even wider ranges of visible light, connected to a rhenium com-
plex (ZnTMP-ReCl) was considered (101,102). In this system,
ultrafast (1.3 x10'2s™ 1) electron transfer from the S, excited
state of the ZnTMP unit to the rhenium unit was observed.
Reduction of CO, proceeded with generation of the OER species
of the rhenium unit by the reduction of this intramolecular
charge-transfer state by TEA.

E. Licur-HARVESTING SYSTEM WITH PERIODIC MESOPOROUS
ORGANOSILICA

The low light density of sunlight may be a problem for solar
energy conversion. Photosynthesis alleviates this problem by
capturing sunlight with light-antennae unit consisting of chloro-
phyll stacks and concentrating the energy to reaction centers by
excitation energy transfer. Artificial systems that mimic the
light-antennae's light-harvesting abilities using chlorophyll
analogs (103) and porphyrin (104) have been an active field of
research for the past two decades. However, nearly no
applications of these artificial systems to photocatalytic reactions
have been made.

Recently, photocatalytic CO5 reduction using a periodic meso-
porous organosilica (PMO, Scheme 9) as the light-harvesting
antenna has been reported. PMO has well-ordered pores with a
narrow pore size distribution and consists of organosilica
frameworks with aromatic rings aligned in a high-density
arrangement (105-108). The organosilica framework can absorb
light efficiently and efficiently transfer energy to guest molecules
situated within the pores, thereby efficiently generating the
excited state of the guest molecule.
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ScueME 9. Light-harvesting system consisting of periodic meso-
porous organosilica with the rhenium complex as the reaction center.

A hybrid material has been synthesized by covalently fixing
fac-[Re(dmb)(CO)3(PPhg)] " within the 3.5 nm diameter pores of
a stable biphenyl-bridged mesoporous organosilica (Bp-PMO).
Efficient energy transfer from the biphenylene units to the rhe-
nium complex was observed. Irradiation of dispersed particles
of this material in CH3CN in the presence of TEOA using 280-
nm light enables the photocatalytic reduction of CO5 (109). 4.4
times more CO was produced in comparison to the direct irradi-
ation of the rhenium complex with 350-nm light. Rhenium
complexes are known to decompose upon direct absorption of
280-nm light through CO elimination (see Section IIL.F) (51).
The organosilica framework demonstrates a filtering effect,
inhibiting direct excitation of the rhenium complex within the
PMO pore, thereby increasing the photocatalyst durability. Fur-
ther, the chain reaction that induces elimination of the PPhs
ligand observed in DMF solution (see Section IV.A) was not seen
with the PMO hybrids. The cause for this is suspected to be that
after the COy reduction, recoordination of PPhs to the rhenium
center occurs more readily due to the detached PPhjs being
contained within the pore.
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ABSTRACT

Porphyrin and metalloporphyrin derivatives are at the forefront
of the photosensitizers currently investigated for the photodynamic
therapy (PDT) of cancer. Earlier examples included various
porphyrins and chlorins, some of them already approved for clinical
work, but lately emphasis has been given to the development of sta-
ble bacteriochlorin derivatives. The spectroscopy, photochemistry,
and electrochemistry of porphyrins and bacteriochlorins, and some
of their representative metal complexes, are reviewed and related
to the design of photosensitizers capable of producing reactive oxy-
gen species with high quantum yields. Efficacy in vitro is evaluated
in terms of a phototherapeutic index, and efficacy in vitro is
assessed using tumor growth delays. Guidelines are proposed for
the design of more efficient PDT photosensitizers.
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I. Introduction

Porphyrins and their derivatives play critical roles in many
biological functions. Some of the most remarkable examples are
protoporphyrin IX and its iron complex that constitutes the heme
prosthetic group, and the magnesium complexes of pheophytin a
and bacteriopheophytin a that are known as chlorophyll ¢ and
bacteriochlorophyll a, respectively. These natural compounds
are illustrated in Fig. 1 together with the structure of porphin,

Porphin

R= J‘\/CHQ Chlorophyll a: MgChl
5 Amax =663 nm

R =H and free-base rather than Mg complex: Pheophorbide a: H,Pheo

Amax =633 nm

R= /L\/\/P\/\}L\\,CHP Bacteriochlorophyll a: MgBChI
2 Amax =770 nm

R =H and free-base rather than Mg complex: Bacteriopheophorbide a: H,BPheo

Fic. 1. Structure and absorption maxima of some natural porphyrins
and their derivatives. Alsoshown is the structure of the simplest porphyrin,
called porphin, and the names commonly given to substitution positions.
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the simplest porphyrin, and the common generic names of the
positions of the pyrrole rings. These macrocycles have important
absorption bands in the red and near infrared, with the
wavelength of the maximum absorption of the lowest energy
absorption band (1,,.,) indicated in the figure.

The photochemistry of porphyrins and their derivatives has
been particularly well studied for their relevance in biological
processes, as evidenced from the examples above, and also for
their use in many other processes such as dye-sensitized solar
cells, photocatalysis, molecular electronics, etc. The subject is
vast and has been addressed by many excellent books, reviews,
and specific journals (1,2). More recently, expanded porphyrins,
with additional pyrrole rings conjugated to each other through
carbon groups (3), have contributed to enrich the chemistry of
these molecules. A comprehensive view of this subject is beyond
the scope of this work. Our work focuses on the photochemistry
of the meso-tetraphenylporphyrin (TPP) because it is the most
easily synthesized porphyrin unit, and on the applications of
tetrahydroporphyrins to photodynamic therapy (PDT). This
focus is motivated by the need for designed synthetic products
obtained from abundant sources at affordable prices in
photomedicine, by the increasingly important role of PDT in
photomedicine, and by the perception that the versatility and
photochemical properties of TPPs have the potential to meet
needs of PDT. We emphasize the quest for photostable
tetrahydroporphyrins derivatives because of their strong
absorptions in the red and infrared as a critical step toward a
better use of the phototherapeutic window (720-900 nm, the
most penetrating and least harmful radiation to human tissues
that can generate reactive oxygen species (ROS)).

Porphyrin derivatives have been extensively tested as
photosensitizers for the PDT of cancer for two sets of reasons.
First, their strong absorption of light in the phototherapeutic
window and efficient photoinduced reactions with molecular
oxygen offer a photochemical tool to induce localized cytotoxic-
ity in targeted tissues. Second, porphyrin derivatives have an
intrinsic affinity for tumors (4-6). Whereas the spectroscopy
and photochemistry of porphyrin derivatives are very well
understood, the same is not (yet) true for the mechanisms that
contribute to their preferential localization and accumulation
in tumors. This latter subject is outside the scope of this work,
and it will only be briefly mentioned in the context of in vivo
studies with porphyrin derivatives.

The structure of this work is as follows. First, we offer an
overview of simple models that can give a semiquantitative
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understanding of electronic states and electronic transitions in
porphyrins and metalloporphyrins, and of the lifetimes and
yields of their singlet and triplet electronic states. From this
spectroscopic and photochemical viewpoint, we address the
interaction between electronically excited porphyrins or
porphyrins derivatives and molecular oxygen because this
interaction can lead to ROS of general interest in
photomedicine. Finally, we present some recent results of dyes
of this class designed for PDT.

Il.  Molecular and Electronic Structure

The core of a porphyrin is a tetrapyrrole in which the four rings
of the pyrrole type are linked together by methine carbon atoms.
The most common reduced porphyrins are dihydroporphyrins,
and the parent compound of this series is called chlorin.
Tetrahydroporphyrins in which the saturated carbon atoms are
located at nonfused carbon atoms of two diagonally opposite pyr-
role rings are called bacteriochlorins. An interesting common fea-
ture of these species is that they share the same basic
chromophore, because the porphyrin macrocycle has 22
n-electrons, but only 18 m-electrons are considered to lie on the
main delocalization pathway. Figure 2 illustrates these
structures and the numbering scheme recommended by ITUPAC.
The 2, 3, 7, 8, 12, 13, 17, and 18 positions are commonly referred
as “beta-positions” and the 5, 10, 15, and 20 positions are
referred as “meso-positions.”

A simple and yet meaningful model to interpret the electronic
structure of porphyrins was proposed by Guterman based on
the two highest occupied molecular orbitals (HOMOs) and
the two lowest unoccupied molecular orbitals (LUMOs) (7,8).
The macrocycles of porphin (HyP) and 5,10,15,20-
tetraphenylporphyrin (HoTPP) are distorted from the
planar (D4,) geometry owing to the presence of the two
hydrogens bonded to two opposing central nitrogens and assume
a Dy, symmetry. The two HOMOs in the D, point group labeled
a1, and ag, correspond to a, and bq,, respectively, in the Doy
point group, and the two LUMOs transform from eg* and egy*
in Dy, to bgg and b, in Dyy,. The x molecular axis is defined by
the central NH bonds, and the y axis bisects the central
nitrogen electron lone pairs, as shown in Fig. 2. In porphyrins,
the HOMO a, and by, orbitals lie close enough in energy that
they be viewed as being essentially degenerate, and the by, and
bse orbitals are even closer in energy. As a result, the allowed
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(the orbitals are shown with Dy, and Dy, symmetry labels)

Fic. 2. Fundamental porphyrin systems with numbering scheme,
pictorial representation of the HOMOs and LUMOs, and contributions
to the absorption bands of bacteriochlorins.

ay— bgg and by, —bs, optical transitions have nearly the same
energy as the allowed by, — by, and a, — bs, transitions, the elec-
tronic states undergo configuration interaction and split, giving
rise to a pair of low energy and low intensity (Q, and Q,) trans-
itions and another of high energy (B, and B,) transitions. The
pair B, and B, is often observed a single intense band called
Soret band. Most of the intensity of the transitions is carried by
the B bands because they result from the addition of the transi-
tion dipoles, whereas the weakness of the Q bands comes from
the near cancelation of the transition dipoles. The skeletal
distortions in the free-base due to the presence of the NH bonds
are responsible for lifting the bg,—bs, orbital degeneracy and for
the observed splitting of the Q bands. The lowest energy transi-
tion, b1, — bag, is polarized along the proton axis and is labeled
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Q. (8). Replacement of the two central hydrogens by a metal ion
of appropriate size leads to the D, geometry and to degeneracy
the by, and bs, orbitals (e, orbitals in this point group), and only
one @ band is observed. The closer the degeneracy of the optical
transitions, the weaker the Q band. More sophisticated quan-
tum-mechanical calculations have shown the robustness of the
Gouterman model in describing the energy order and character
of the porphyrin molecular orbitals (9).

MO calculations for simple porphyrins, chlorins, and bacteri-
ochlorins show that, within the same series, the LUMOs are
nearly isoenergetic, that is, they do not change as the number
of © electrons is reduced from 22 to 20 and to 18 along the series.
However, the increased Do, skeletal distortion destabilizes the
HOMOs, and their energies increase systematically (Fig. 3 (10)).

|
©
T

X
o
T

Orbital energy (eV)

1L

—12 -

Fic. 3. Calculated energy levels of macrocycle HOMO-1, HOMO,
LUMO, and LUMO+1 in porphin, chlorin, and bacteriochlorin
complexes with Zn(II). For clarity, the D4, symmetry labels of a;, and
as, were retained for all the macrocycles. Adapted from Ref. (10).
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This diminishes the HOMO-LUMO gap from the porphyrin, to
the chlorin and to the bacteriochlorin, explaining the
bathochromic shift of the Q, bands. The oxidation and reduction
potentials of these species follow the energy changes of the HOMO
and LUMO, respectively. Thus, again within a homologous series,
the reduction potentials of the porphyrin, chlorin, and
bacteriochlorin remain essentially the same, whereas the oxida-
tion potentials become increasingly more facile, with
the bacteriochlorin having the lowest oxidation potential and the
porphyrin the highest (10). These properties are illustrated with
some examples in Table 1.

Perfluoroalkyl groups are strongly a-electron withdrawing and do
not function as n-electron donors. The electron-withdrawing effect of
CF3 groups in the pyrrolic B-positions of meso-TPP distorts the mac-
rocycle and forces it to take a fixed 18n-electron pathway, resem-
bling the electronic structure of bacteriochlorin. This is reflected in
the HOMO-LUMO gap contraction and in the 0.06 V decrease in
the oxidation potential of HyTPP-B(CF3), with respect to H,;TPP
(12). However, this decrease is not as accentuated as the 0.20V
decrease observed for HoTPP-B(CHjs), because it is compensated
by the strong electron-withdrawing ability of the trifluoromethyl
group (12). The electron-withdrawing effect is also responsible for
making the reduction easier. f-Octahalogenation of TPPs with Cl
or Br atoms also produces steric hindrance at the ligand periphery
and leads to highly nonplanar porphyrin cores, but p-octafluoro-
meso-TPPs are nearly planar (14). This is corroborated by the
hypsochromic shift of the absorption bands of both free-base and zinc
complex, and by the remarkable increase of the oxidation potentials
of B-fluorinated porphyrins (13).

Fluorinating the phenyl groups of TPP in the meso-positions also
introduces electron-withdrawing substituents that operate exclu-
sively through the inductive effect, as shown in the replacement
of phenyl by 0,0’-difluorophenyl rings (TF,;PP), in free-base, Mg,
and Zn porphyrins (20). Comparison between the oxidation
potentials of Mg'TPP and Mg'(TFy;PP) or of Zn'TPP and
Zn"(TF,PP) reveals an increase in 0.26-0.27 eV in the oxidation
potential, assigned to a stabilization of both ay, and a;, orbitals.
However, the ay, orbital is expected to be preferentially stabilized
relative to the a;, orbital because the halogenated phenyl rings are
bonded to the meso-carbon atoms, where the electronic density of
the a,, orbital is higher. The 3d metal orbitals of MgHTPP and
Zn""TPP are of lower energy than the HOMO and do not change
the ordering of the active orbitals (21), hence the changes in
oxidation potentials of fluorinated Mg™ and Zn" porphyrins are
representative of the corresponding changes in free bases.
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TABLE I
REpox PoTENTIALS VERSUS SCE AND OPTICAL CHARACTERISTICS OF PORPHYRIN
DERIVATIVES
Compound Half-wave potential (V) Q(0,0) absorption
band
Eq1p™ Eqpm" AE™ Eg; (V)  Jmax (nm)
H,TPP ® 0.95 —1.08 2.03 1.92 647
H,TPC ® 0.88 -1.12 200 191 650
H,TPB ° 0.40 -1.10 150 1.68 740
H,TPP-B(CF3),¢ 0.89 -0.33 1.42 835
H,TPP-pFg? 1.26 -0.67 2.13 637
ZnTPP¢ 0.77 -1.35 2.02 212 585
ZnTPC® 0.60 -1.33 193 2.03 610
ZnTPB¢ 0.18 —1.28 146 1.64 755
CuTPP* 0.99 —-1.41 2.40 578
NiTPP¢ 1.10-1.00* —1.28 2.38
CoTPP* 1.19-0.52* —-1.29-0.92%* 248 -
FeTPP® 1.18-0.32% —1.01*% 581
PdTPP" 1.02 —1.03 2.02 225 553"

“The redox potentials taken from difference sources were offset by the difference with
respect to the redox potentials of Hy'TPP or ZnTPP reported in Ref. (10), but the
differences in redox potentials (AE* =E1,5°* — E1,5"°%) were calculated from the original
sources whenever possible.

bOxidation potential in CH,Cl, and reduction potential in dimethylformamide or
butyronitrile, spectroscopic data in CH5Cl,, benzene, or toluene, according to Ref. (10);
Ref. (11) gives the same oxidation potential for HoTPB and reports E1,°*=0.40 V
versus SCE for MgBChl.

“From Ref. (12) but offset by the difference of redox potential of HyTPP.

9From Refs. (13) and (14) but offset by the difference of redox potentials of HoTPP.

°Oxidation potentials in benzonitrile from Ref. (15) and reduction potentials in CH,Cly
from Ref. (16); an asterisk indicates either the metal oxidation (2+— 3+) or the metal
reduction (2+— 1+).

fThe macrocycle reduction potential of ZnTPP is —1.52 V in the conditions of Ref. (16).

#Reduction potentials for the metal reduction (2+— 1+) in CH3CICH3Cl from Ref. (17).

"From Ref. (18).

From Ref. (19).

The tetrapyrrole ring acts as a tetradentate dianionic ligand
and can form complexes with a wide range of transition metal
ions. In many cases, additional ligands may occupy the axial
positions. Tetrapyrroles closely approach planarity, and Dy,
symmetry, when coordinated with metals. The ex™ and eg*
orbitals are degenerate and only one Q band is observed in the
absorption spectra.

Orbital diagrams of metalloporphyrins may be complicated by
the presence of metal orbitals with energies close of the HOMO
and LUMO of the prophyrin. Figure 4 shows orbital energy
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Fic. 4. Calculated energy levels for the frontier molecular orbitals of
metal meso-tetraphenyl porphyrins and for TPP (with no H atoms in
the porphyrin cage). Electron occupancies are indicated for frontier
molecular orbitals of the metal. Adapted from Ref. (22) with neglect of
various nonactive orbitals.

diagrams for several metal porphyrins (22). The 3d orbitals of
ZnTPP are particularly low in energy, and the HOMO is a por-
phyrin 7 orbital. The first oxidation of ZnTPP removes an elec-
tron from the HOMO a,, and leads to the n-cation radical
[Zn"TPP]*, whereas in the first four reduction stages, the suc-
cessive electrons are added to the LUMO 2e,(n*). The 3d orbitals
of CuTPP are also low in energy but the odd electron now
occupies the byz(d,2_,2) HOMO. Somewhat surprisingly, the first
oxidation removes an electron from the porphyrin a,, orbital and
not from the HOMO, and the first reduction adds an electron to
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the 2e4(n*) and not to the by4(d,:_,2), which would give a d*° con-
figuration. NiTPP is diamagnetic (closed shell) and now both
a14(d,2) and ley(d,, and d,,) metal orbitals also raise above the
porphyrin ag, and a;, orbitals, with the a;,(d,2) becoming the
HOMO and the bqg(dy2_,2) the LUMO. Experimental oxidation
potentials suggested that the first electron is removed from the
metal, but calculations show that [Ni'™TPP]" is less stable than
the [Ni''TPP]" radical cation and that the electron must come
from the porphyrin as, or a;, orbitals (15,22). In the reduction
of NiTPP, the first three electrons go to the porphyrin 2e,(rn*)
orbitals because the occupation of this orbital unstabilizes the
big(d,2_,2) orbital and inverts their energy order. The le,(d..
and d,,) orbitals of low-spin CoTPP are situated above the as,
or a;, orbitals of the porphyrin and are the HOMO, whereas
the a;4(d,=) orbital is placed below and is singly occupied. The
big(dy2_y2) is higher in energy than the 2e.,(n*) orbitals, which
are the LUMOs of CoTPP. Initial oxidation removes an electron
from the porphyrin ring leading to [Co'TPP*] followed by elec-
tron redistribution yielding high-spin [Co™TPP]" where the
a1,(d,2) becomes doubly occupied and le,(d,, and d,,) orbitals
are each singly occupied. Reduction adds an electron to the
a1g(d,2) orbital, as expected. All the four occupied 3d-like orbitals
bag(d,,), a14(d;2), and leg(d,, and d,.) of FeTPP lie above the por-
phyrin ag, and a;, orbitals, and the unoccupied b;g(d,:_,2) is
much higher in energy. The first oxidation takes place from the
central metal (d,2), and the first and second reductions populate
the low-lying half-filled metal d orbitals.

Metalloporphyrins that undergo a metal atom oxidation show
a linear dependence of the corresponding oxidation potentials
with the third ionization potentials of their metal atoms (15).
In general, the reduction potentials become more negative as
the electron affinity increases (23). Changes in ligand oxidation
or reduction potentials have been correlated with electronegativ-
ity and covalent radius changes of the central atom (24). A simi-
lar correlation also holds for electronic transition energies (24).

The stability of axial ligands depends on the electron configu-
ration of the metal. Diamagnetic Zn''(TPP) binds to a variety of
neutral or charged axial ligands, but the five-coordinate 1:1
complexes are very labile. Paramagnetic Cu(TPP), like other
copper porphyrin complexes, has very little tendency to add axial
ligands because of the population of the d, orbital. Ni'(TPP) has
a low-spin d® configuration, and axial ligands are usually
repelled by the filled d,: orbital. The low-spin d’ configuration
of Co™(TPP) supports one or two axial ligands, with an odd elec-
tron occupying the d.. orbital. Co'™(TPP) is diamagnetic and



DESIGN OF PORPHYRIN-BASED PHOTOSENSITIZERS 197

isoelectronic with Fe'(TPP) and can also bind axial ligands. Fe™-por-
phyrin systems have been much investigated because of the
biological relevance of its ability to bind CO and O, axially. Weakly
binding ligands are high spin, either in five- or in six-coordinate
complexes. Increasing the binding constant of the ligands leads to a
change from high to low spin as the electrons are displaced from the
d,- orbital (25). Unlike Fe'-porphyrin, the four-coordinate species
Fe'(TPP)™ is unknown. Five-coordinate species such as Fe''(TPP)
Cl are high spin, and its electrochemical reduction to Fe''(TPP)~
occurs at —0.31V versus saturated calomel electrode (SCE) in
CH;3CICH3C1 (17). Under similar conditions, the reduction potential
of pentacoordinated high-spin Mn''(TPP)Clis — 0.29 V (26).

Two other metals may play important roles in
metalloporphyrins designed for PDT: palladium and indium.
The first oxidation and reduction potentials of Pd"TPP are
+1.02 and —1.00V versus SCE (27), which are consistent with
ligand-centered redox processes and with the assignment of the
Q band to a porphyrin transition. The singlet state energy of
Pd""TPP is somewhat higher than that of H,TPP. The nature of
the axial ligand of In"™(TPP)" influences its redox properties.
When that ligand in Cl, the first oxidation and reduction
potentials are +1.16 and —1.09 versus SCE in CH,Cls,, and the
maximum of the Q band is observed at 597 nm in CHCl; (28).
The one-electron oxidation or reduction of In"™(TPP)CI is also
n-ring-centered reactions.

Breaking the degeneracy of the HOMOs increases the intensity
of the Q band. In bacteriochlorins, this is accompanied by a
decrease in the HOMO-LUMO gap, and an intense Q band is
observed in the near infrared. Following the labeling of the
orbitals shown in Fig. 3, the lowest energy transition in a
bacteriochlorin represents mainly the configuration a;,—eg
(HOMO —LUMO) with a small contribution from ag,—egqy
(HOMO-1—LUMO+1) and is labeled Q, (Fig. 2). In
tetraphenylbacteriochlorins, this very intense band is observed
at 740-750 nm. The Q, band has a smaller intensity and is
observed at 519-529 nm. It represents mainly as, — ez with a
smaller amount of a;,—eg. The B, absorption near
350-360 nm and the B, at 370-380 nm are the split Soret band.
The B, band is made up mainly of the as,—eg, configuration
while the B, band is mainly a;, — egy, (29).

The intense near infrared absorption exhibited by bacteriochlo-
rophyll a is a most interesting property for a sensitizer, but bac-
teriochlorophyll a is known to be extremely sensitive to
oxidation. For many years, the lability of the bacteriochlorins
available directed the research efforts on new photosensitizers
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to chlorins (30). Lowering the energy of the HOMOs strongly dis-
favors oxidative destruction of the macrocycle and should con-
tribute to increase stability with respect to oxidation (31).
Thus, increasing the oxidation potentials provides extra
stability toward oxidative degradation of porphyrin-based
photosensitizers. This can be achieved, for example, replacing
the phenyl rings by 0,0’-difluorophenyl rings in TPPs. In princi-
ple, it should be possible to synthesize stable fluorinated
tetraphenylbacteriochlorins with intense absorption in the pho-
totherapeutic window. Bacteriochlorins should also be stabilized
by complexation with In®" and, to a smaller extent, by complex-
ation with Pd®".

Another concern specific to the use of porphyrin-based
photosensitizers is the fact that singlet state lifetimes are usu-
ally less than 10 ns and photosensitization occurs mostly from
the triplet state. This requires the selection of systems that effi-
ciently generate triplet states, which is not the case of paramag-
netic metalloporphyrins.

Ill.  Electronic Transitions
A. ABSORPTION AND EMISSION

The absorption spectra of free-base porphyrins shows the
expected Soret, Q, and Q, bands and two additional bands in
the visible (Fig. 5). These extra bands are due to vibrational cou-
pling effects and derive from HOMO (b;, orbital) to the first
vibrationally excited state of LUMO (bgy, orbital) or to LUMO+1
(bsg orbital) transitions. Thus, in order of increasing energies, the
optical transitions of HoTPP are labeled Q,(0,0), Q.(0,1), Q,(0,0),
and Q,(0,1). Typical free-base porphyrins have moderate fluores-
cence quantum yields (#x=0.10 for H,;TPP in deaerated toluene)
(32) and nanosecond fluorescence lifetimes (r4=14.7ns for
H,TPP) (33). Most of the singlet states evolve to the lowest
triplets (triplet quantum yield ®1=0.73 for Ho;TPP in deaerated
toluene) (32), which have long lifetimes in deaerated solutions
(milliseconds in sufficiently pure solutions).

In general, B-substituents cause steric interactions and, conse-
quently, structural distortion of the porphyrin core, and this is
more accentuated in TPPs than in porphins. Such steric
interactions are evident in the red shift of the Q and B bands of
B-octabromo and B-octatrifluoromethyl porphyrins (12,34). How-
ever, B-octafluoro porphyrins remain nearly planar, and the
absorption bands are blue shifted (14).
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The introduction of trifluoromethyl (HoTCF3P) or phenyl
groups (HyTPP) in the four meso-positions of porphin leads to rel-
atively small and nearly identical blue shifts of the Q and B
bands. However, the fluorescence lifetime is reduced by nearly
one order of magnitude from HoTPP to H,TCFsP, and the
fluorescence quantum yields follow the same trend (34). This is
consistent with the internal heavy-atom effect to be discussed
in the next section.

The presence of strongly electron-withdrawing groups, such as
fluorines, in the phenyl rings of Ho;TPP or MTPP lower the
energy of a,, relative to that of a;,, as the latter has nodes at
the methine carbon atoms (35). This is confirmed by the blue
shifts of the Q bands observed when fluorine atoms are
introduced in the phenyl rings of free-base or zinc TPPs (32).

The atomic orbitals of metal ions with a closed shell of valence
electrons interact only weakly with the m-molecular orbitals of
the porphyrin. The absorption and emission spectra of the
corresponding metalloporphyrins are largely determined by the
porphyrin's m-electrons and are classified as “regular.” An exam-
ple of this class is Zn""TPP. Regular metalloporphyrins give nor-
mal spectra, with the Soret band in the near-UV (390-425 nm)
and two Q bands. The longest wavelength band occurs within
the range 570-610nm for complexes with the macrocycle
substituted in the B-positions and between 590 and 630 when
the macrocycle is substituted in the meso-positions (36). It should
be remembered that the number of Q bands decreases from four to
two upon the coordination of the metal ions to free-base
porphyrins because of the change from Dy, to Dy, symmetry.
Metalloproteins with closed metal shells, such as Mg'(TPP) and
Zn'(TPP), are less fluorescent than the parent free-base porphy-
rin (®p =0.033 for ZnTPP in deaerated toluene) (32), have shorter
fluorescence lifetimes (1;=1.9 ns for ZnTPP) (33), and higher
intersystems crossing to triplet states (#1=0.86 for ZnTPP in
deaerated toluene) (32) promoted by the spin—orbit coupling
mechanism described in the next section. In PATPP, this becomes
so pronounced that ®y=2x 10" * and &r~1 (I18).

“Irregular” metalloporphyrins show mainly three types of spec-
tra, called normal, Aypso, and hyper. The normal spectra are
observed when the metal d or f electrons are of such low energy
that they do not interact appreciably with the porphyrin -
electrons. Hypso-type spectra resemble the normal spectra,
except for a hypsochromic (blue) shift. The origin of this shift is
the back-bonding between d,, and d,, orbitals of metals from
groups VIII to IB (d®~d® transition metals, such as low-spin Fe'!,
Co™, Nil!, Pa™, or Cu') and the porphyrins's empty n* orbitals
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thus raising their energy. Hyper-type spectra exhibit additional
bands coming either from charge transfer (CT) from the metal
p orbitals into the empty orph?rrins m* orbitals (d'—d® transition
metals, such as Fe'™, Mn™, Cr'™™) or from the porphyrins r orbitals
into vacancies in the transition metal's d orbital (cation with an
open shell outer electronic configuration, such as Sn'' or Pb')
(36). Figure 5 compares the UV—Vis absorption spectra of free-base
and metalloporphyrins.

Paramagnetic complexes such as CuTPP or Co''TPP have one
odd electron that can couple to the spin of the porphyrin triplet
yielding a “tripdoublet” and a “tripquartet” state. Similarly, that
odd electron can couple its spin with that of the porphyrin first
excited singlet state, leading to singmultiplet states. Moreover,
the singmultiplet states couple efficiently with the tripmultiplet
states resulting in rapid intersystems crossing from the excited
singlet state to the triplet manifold. This coupling mechanism
deactivates the singlet states rapidly and quenches almost
completely the fluorescence of paramagnetic complexes of
porphyrins (#r<10~%). However, this coupling is responsible
for the observation of direct absorption from the ground state
doublet of Cu'TPP to the “spin-forbidden” tripdoublet, at
670-710 nm (37). The phosphorescence from lowest energy (n,n*)
state of Cul'TPP, which is the tripquartet, to the ground state dou-
blet becomes relatively intense and long-lived (¢p=6 x 10~ 2 and
=600 pus) at 77 K in methylcyclohexane (38). The luminescence
lifetime is reduced to 29 ns at room temperature, and this is
ascribed to phosphorescence from the tripdoublet state which is
thermally repopulated from the tripquartet state (39).

The lowest energy (m,n*) state of CoTPP is also the
tripquartet, but this and other Co'-porphyrins are not lumines-
cent. This peculiar behavior is due to the presence of a porphyrin
agy(nt) —metal d,. CT state near the energy of the tripquartet
state. In fact, very weak absorption peaks in the 850-905 nm
region have been assigned to this CT transition (40). The decay
of the lowest energy (n,n*) state of Co'"TPP to the CT state occurs
with a lifetime of 220 fs in benzene, and the decay of the CT state
takes place in 16 ps (41).

In addition to the hypsochromic shift of the Soret and Q bands
of diamagnetic Ni''TPP, there are various optically invisible
lower-energy electronic states in which an electron is promoted
from the metal to the porphyrin ring or vice versa and those that
correspond to d-d excitation within the metal orbitals.
Calculations have shown that there is a multitude of CT states
below the first optically allowed state and explain its lack of fluo-
rescence (42). The radiationless depopulation of the Q state
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occurs in femtoseconds. However, PA"TPP, which is also diamag-
netic and d®, does not show fluorescence but is strongly phospho-
rescent. This difference was assigned to the tightly bond d
orbitals of Pd that push the intermediate states closer in energy
to the ground state, disfavoring the radiationless path (7).

The electronic structure of Fe''TPP is quite complex, with the
four 3d-like orbitals lying close together and above the porphyrin
a1, and ay, orbitals. The orbitals generate low-lying triplet states
and promote the deactivation of the excited states. Additionally,
Fe'TPP has a CT band with a maximum at 714 nm. As a result,
no luminescence is observed from Fe'TPP. However, Fe'TPP
reacts with O, to form a dioxygen adduct that eventuallﬁf leads
to [Fe!''TPP]* with axial ligands (38,43). High spin [Fe'"TPP]*
also exhibits CT absorption bands in the 650-750 nm region,
assigned to aj;uag,—eg transitions, whose exact positions
depend on the electronegativity of the axial ligand (44). Weak
luminescence is observed from the tripmultiplet state of
[Fe™TPP]" when it is positioned below the CT state (38).

The strongly antibonding d,2_,2 of [Mn'™'TPP]* remains empty,
but the other four d orbitals are singly occupied. The [Mn""TPP] "
absorption spectrum provides an impressive example of low-
energy CT absorption bands characteristic of hyper-type spectra.
The dr (dx, an dy,) orbitals of Mn™ raise in energy with respect to
those of Fe'! and approach the energies of the porphyrin eg™
orbitals (45). The energetic proximity of orbitals with © symmetry
leads to substantial mixing of the orbitals and enhances the inten-
sity of the CT bands. The strong perturbation, the porphyrin =
orbitals, leads to the split Soret band with peaks at 370 and
477 nm. The Q band is observed at 596 nm, and the other bands
in the visible part of the spectrum are CT bands. Electronic excita-
tion rapidly populates a tripquintet state that repopulates the
quintet ground state in less than 30 ps; a competitive decay chan-
nel populates a tripseptet state that decays in 80 ps to the ground
state presumably via quintet CT state (46). The very weak lumi-
nescence of [Mn'!'TPP]* resembles that of [Fe!''TPP]* (38).

Long-lived excited states can be found in free-base porphyrins
and closed-shell metalloporphyrins. Open-shell diamagnetic
metalloporphyrins may lead to long-lived 3(n,n*) states in high
yields provided that they lie below the CT states, as in Pd'TPP
or ClIn'™'TPP. Thus, the most promising photosensitizers are
likely to come from these types of compounds. This does not
imply that paramagnetic metalloporphyrins cannot have inter-
esting photochemistry. For example, irradiation of CIMn''TPP
at 416 nm was shown to induce the photoreduction of Mn™!
to Mn'' porphyrin with the concomitant loss of the chlorine
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atom (47). The rapid oxidation of Mn™ to Mn' makes this pro-
cess reversible. Laser photolysis of CIFe!"TPP at 355nm in
degassed methanol gave a quantum yield of Fe''TPP formation
of 0.02 (43). The system reverts to CIFe''TPP in the presence
of oxygen. Nevertheless, it is in the closed-shell (Zn''TPP,
Cd"TPP) or diamagnetic low-energy d orbital (Pd"TPP,
ClIn'™TPP) metalloporphyrins, and free-base porphyrins with
meso-fluorophenyl or chlorophenyl substituents, and their
derivatives with reduced macrocycles, that we can expect to find
a good balance between stability, long-lived triplet states with
high triplet quantum yields and intense red/infrared absorption.

B. RabpIATIONLESS TRANSITIONS

The rates of radiationless transitions between electronic states
of porphyrins and their derivatives play a dominant role in their
photochemistry because they are the major decay channels of the
electronically excited states. Radiative channels, such as fluores-
cence, rarely exceed 10% of the overall decay rate constant at
room temperature. The lifetimes of the lowest electronic states
of free-base porphyrins and closed-shell metalloporphyrins vary
by more than 10 orders of magnitude with the nature of the sub-
stituents. The understanding of such variations is essential to
design and control the photochemistry of porphyrins and justifies
an incursion on the fundamentals of radiationless transitions.

Internal conversion between electronic states of the same spin
multiplicity and intersystems crossing between singlet and
triplet states take place because of weak interactions between
the initial and final states. The perturbing interaction is usually
limited in time and space, and the total Hamiltonian can be
considered as the sum of two terms

H=H;+V (1)

where the time-independent operator Hy describes the unper-

turbed system and V is the perturbation. The probability of elec-

tronic transition per unit time is given by the solution of the

time-dependent Schriédinger equation

d¥(x,y,2,t)
d¢

which has the form (omitting the coordinates)

Y= Zlepj exp (— %Eji) 3)
J

(Ho + V)¥(x,y,2,t) = ih (2)
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where ; represents the full set of eigenfunctions with the
associated eigenvalues Ej of the unperturbed system Hamilto-
nian Hy, when the coefficients c; are time dependent. The values
of ¢; obtained in the solution of this set of equations are related to
the probability of finding the system in any particular state at
any later time. It is not generally possible to find exact solutions,
and the time-dependent perturbation theory is usually employed
to obtain approximate solutions.

The transition probability per unit time given by the time-depen-
dent perturbation theory, that Fermi named Golden Rule in view of
its prevalence in radiationless transitions, has the form

_ 212 ((0)
kcr = 5 |Vl Pf(Ei ) 4)

where p{E;”) represents the density of final unperturbed states
at the energy of the initial stationary state, and Vj is the matrix
element of the perturbation between the initial and final unper-
turbed states

Vi = [wivids (5)

and the integration is over all the space, represented by 7. Equa-
tion (4) is valid provided that the final states form a quasi-contin-
uum of states over an energy range 6E in the neighborhood of
E,9 and for values of ¢ that satisfy the relation

h
t> (6)
These conditions are usually verified for picosecond and nanosecond
transitions occurring in large molecules. For example, the density of
vibrational states of the ground electronic state of anthracene at the
energy of its first excited singlet state (Eg;="75.5 kcal/mol) is in the
range of 10''-10'" states/(cal mol~ 1) (48).
Using the Born—Oppenheimer approximation and assuming
that only the electronic distribution is perturbed, Eq. (5) can be
written as

Vi — J¢§V¢idre J ot vedts )

where the first factor measures the extension of the electronic
redistribution induced by the perturbation from the initial state
i to the initial state f
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Ve = J¢§V¢idfe (8)

and the second factor is the overlap integral between the vibra-
tional wavefunctions of the initial (v) and final (v') states

Jyy = Jvf,,vvdrn 9

which is known as the Franck-Condon factor for the fv' «—i,v
transition. According to the Golden Rule, Eq. (4), the transition
probability is proportional to |, | 2.

Jortner and Ulstrup have demonstrated that for isothermic
atom transfers and for sufficiently high temperatures, the non-

adiabatic transition rate takes the form (49)

2n 94/ sinh(hw/2kgT) V21 n ( hao ﬂ
W=—|Vg exp|———V AE*d tanh
RV s PI7n 4k T

(10)

where o is the vibrational frequency of the active vibration with
reduced mass g, the values of the energy barrier AE* and nuclear
displacement d are illustrated in Fig. 6, and S is a reduced dis-
placement defined as

== (11)

This form of the transition rate can be simplified when the
argument of the tanh function is larger than 3 because then this
function closely approaches unity. For example, a CH stretching
vibration, ®=5.65x10"s"!, gives tanh(hw/4ksT)=0.9986
at T=298 K. In this limit, the exponential term in Eq. (10) is
identical to the transmission coefficient of a barrier formed
by two intersecting parabolas in the WKB approximation.
In fact, this approximation was employed by Formosinho to cal-
culate the rates of radiationless transitions in large molecules
(50) and of H-atom abstractions by electronically excited ketones
(51,52) before the formal demonstration that H-tunneling
through intersecting parabolas is isomorphic with the Golden
Rule under the limits mentioned above.

Formosinho expressed the radiationless transition probability
as the product of a pre-exponential factor containing the
electronic coupling between initial and final states and a
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Fic. 6. Generalized bond-length displacement in radiationless tran-
sition in large molecules.

Franck—Condon factor with an exponential factor with the form
of the WKB approximation for tunneling through intersecting
parabolas. This is intrinsically a multidimensional problem,
and a generalized bond-length displacement coordinate was
introduced to make it tractable. In the process of reducing the
coordinates, a measure of the relative number of identical
oscillators (same u and w) was included in the exponential factor,
n, and the tunneling rate was expressed as (50)

k = yvexp [—Q\/—Ax] (12)

where v=w/(2n), x is a nonadiabatic factor (y<<1 for nonadia-
batic transitions such as intersystems crossing), and Ax is the
width of the tunneling barrier. The application of Eq. (12) to
radiationless transitions provides a simple method to separate
electronic and nuclear factors that contribute to the rates of such
transitions.
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Nonadiabatic factors y<<1 are expected for intersystems
crossings between singlet and triplet states, which are formally
spin-forbidden processes. The extent of the prohibition depends
significantly on the spin—orbit coupling, and this in turn is related
to the atomic spin—orbit coupling constant { available from the
atomic spectra. The magnitude of the spin—orbit coupling
increases rapidly with the atomic number, and its effect on the
intersystems crossing rate is usually called heavy-atom effect.

The heavy-atom effect of substituents introduced in a porphyrin
will depend on the substitution pattern and may be different for
S;—T; and T; — Sy transitions. Thus, it should be possible to con-
trol the electronic factor to increase the triplet quantum yield
without compromising its lifetime. This hypothesis was
investigated in detail using various meso- and beta-substituted
free-base and Mg, Zn, or Cd metalloporphyrins (53). It was consid-
ered that the spin—orbit coupling of atoms in identical substitution
patterns gives additive contributions to the nonadiabatic factor

=1 (1+el) (13)
i=1

Appropriate consideration of the Franck—Condon factors using
Eq. (12) allowed for the fitting the intersystems crossing rates
of many diverse systems just by changing the coefficient affecting
the heavy-atom effect. It was possible to characterize each sub-
stitution patterns by a single value of ¢, as shown in Table II.
Analysis of Table II shows that only closed-shell
metalloporphyrins or meso-TPPs with halogens in the ortho-
positions of the phenyl rings have stronger heavy-atom effects in
the rate of the S; —T; transition than in the rate of the T{— S,
transition. Thus, these porphyrins can have long-lived triplet
states formed with nearly unit quantum yields. This is a much
desired property of PDT sensitizers because only triplet states
with tens of microseconds lifetimes in solution can quantitatively
react with molecular oxygen and produce ROS. These reactions
will be discussed in detail below, but the relevance of long-lived
excited states is obvious using simple kinetic arguments. Bimolec-
ular reaction rates of electronically excited porphyrins are limited
by diffusion and have to compete with their decay. D1ffus10n -con-
trolled rate constants of porphyrins approach 3 x 10° M~ Lin
water (54). The most ublqultous quencher of electronically exc1ted
states is molecular oxygen (> ¢, 0,), and its concentration in
air-equilibrated wateris 2.9 x 10 * M at 20 °C (55). Thus, the reac-
tivity of porphyrins in their singlet states toward molecular 0Xxy-
gen can be characterized by a first-order rate of 8.7x10%s ..
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TABLE II

EmpIrIcAL COEFFICIENTS FITTED TO THE INTERSYSTEMS CROSSING RATES OF FREE-BASE
AND METALLOPORPHYRINS®

S;—T, T1—So
C1 C2 C1 Co
Octaalkylporphyrins X in alkyl 5x1077 10°°
X in beta 2x10°° 5x10°*
X in meso 107* 1073
Metalloporphyrins 2x10°* 2x10°°
H,TPP X in 2x10°¢
phenyl
ortho
ZnTPP X in 2x107% 2x107* 5x1077 2x10°°
phenyl
ortho

“The coefficient c; refers to the halogen X, and ¢, refers to the metal (53).

As mentioned before, the singlet state lifetimes of porphyrins
rarely exceed 10 ns, and this implies that the efficiency of porphy-
rin singlet state reactions with molecular oxygen is lower than 8%.
A spin-allowed reaction of singlet states with molecular oxygen
that was observed in MgTPP and ZnTPP is assisted intersystems
crossing to form the triplet state of the photosensitizer while
molecular oxygen remains in the ground state (56). More efficient
photoreactions can only be obtained with long-lived triplet states
formed with high triplet quantum yields.

C. TRIPLET STATE

The phosphorescence of free-base porphyrins is extremely
weak. The triplet energy of Ho;TPP was reported as 33.5 kcal/
mol (57), and Harriman presented a phosphorescence spectrum
in methylcyclohexane at 77 K that is consistent with this value
(568). Moore and coworkers challenged this triplet energy on the
basis of photoacoustic calorimetry (PAC) data and suggested that
it could be 3-9 kcal/mol lower in energy (59). However, the photo-
acoustic measurements of Moore only give the product of the
triplet energy by the quantum yield of its formation,
drEr=21.4 kecal/mol, and &1 is not known with sufficient accu-
racy to provide a more reliable estimate of Ep. Brauer and
coworkers revisited the phosphorescence of Hy;TPP with a sensi-
tive near infrared detector and reported Et=33.3 kcal/mol in
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2-methyltetrahydrofuran (MTHF) at 77 K (60). Although this
value is consistent with the earlier spectroscopic value reported
by Harriman, the phosphorescence spectra of the two studies
are appreciably different. It should be noted that Brauer
employed HoTPP available from Aldrich without further purifi-
cation and that the signal-to-noise ratio of HoTPP phosphores-
cence is poor. We used time-resolved PAC to study the triplet
state energy of H;TPP and obtained ¢pE1=24 +1 kcal/mol (32),
which indicates that the value reported by Moore is probably
too low. More recently, Roder et al. reported the spectral
positions of the phosphorescence spectrum of TPP in MTHF at
80 K (61) that are consistent with the spectrum presented by
Brauer. At present, the best estimate for the triplet energy of
H,TPP is Er=33 %1 kcal/mol, which leads to &1t=0.73£0.05.

The phosphorescence of porphin and its deuterated derivatives
was studied in Xe matrices at 10 K (62). This significantly
enhances intersystem crossing rates and increases the phospho-
rescence yield. It was possible to identify the 0—0 band of the
phosphorescence at 790-794 nm (36 kcal/mol=1.57 ¢V) in Xe
matrix and the corresponding band of the fluorescence at
613 nm (46.6 kcal/mol=2.02 eV) in Ne matrix. The same S;-T4
energy splitting for porphin and HoTPP would imply that the lat-
ter would have a triplet state energy of 33.5 kcal/mol.

The extremely weak phosphorescence of the free bases is due
to the presence of radiationless decay pathways from the triplet
to the ground state competing favorably with phosphorescence.
The deactivation of the triplet state was proposed to be mediated
by a cis NH triplet intermediate, populated in a rate-determining
step by proton tunneling, followed by fast intersystem crossing to
the ground state of the cis form, and finally by return to the
ground state trans species (62). The cis triplet has not been
observed, but it is now established that the mechanism of
porphin tautomerization involves stepwise migration of two
hydrogen atoms, with the formation of a metastable cis NH inter-
mediate. The energy of this cis singlet intermediate is ca.
5.5 kcal/mol above the ground state (63), and the energy of the
cis triplet is expected to lie between this intermediate and the
trans triplet, which is the emissive 3(m,n*) state.

The phosphorescence of diamagnetic metalloporphyrins can be
easily observed at 77 K. This is consistent with slower radiation-
less rates, and hence with the absence of metastable cis NH
intermediates, but the heavy-atom effect exerted by the central
metal ion can also contribute to enhance the phosphorescence
rate. For example, the phosphorescence lifetimes in the series
MgTPP, ZnTPP, and PdTPP decrease in the order 45, 26, and
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2.8 ms in methylcyclohexane at 77 K (64). The phosphorescence
quantum yields tend to increase in the opposite order, and for
PdTPP, the phosphorescence becomes so intense that it can be
observed in deaerated solutions at room temperature with a life-
time of a few hundred microseconds. The nature of the emissive
state for all these metalloporphyrins is the macrocycle (r,n*) state.
With the spectroscopic triplet energy of ZnTPP, it is straightfor-
ward to use time-resolved PAC to determine the triplet quantum
yield. The values of @1 presented in Table III were obtained using
the triplet energies given by phosphorescence. It is very clear that
introducing heavy atoms in the ortho-positions of the phenyl rings
further increases the intersystems crossing rate from S; to T; and
the triplet quantum yields approach unity.

Time-resolved PAC was also employed to measure the triplet
quantum yields of halogenated H,TPP, namely, meso-tetraphenyl
(2,6-dichlorophenyl)porphyrin  (H,TCl,PP),  meso-tetraphenyl
(2-chlorophenyl)porphyrin  (H,;TCIPP), meso-tetraphenyl(2,6-
difluorophenyl)porphyrin (Ho;TF5PP), and their chlorin (H;TCl,PC,
H,TCIPC, HoTF2PC), and bacteriochlorin analogues (H;TCl,PB,
H,TCIPB, HoTF,PB) (32,66,67). The emphasis in such halogenated
derivatives is justified on the basis of the discussion of the stability
of porphyrins. Cl and F substituents raise the oxidation potential of
porphyrins and can protect them from oxidative degradation.
Table III summarizes the most relevant data on the triplet and

TABLE III

TRIPLET AND SINGLET QUANTUM YIELDS OF HALOGENATED PORPHYRIN OR
BACTERIOCHLORIN SENSITIZERS

Sensitizer O @, (PAC) @, (phosph.)
H,TPP* 0.73+0.10° 0.67+0.14 0.71¢
ZnTPP* 0.86+0.17 0.68-+0.19

ZnTF,PP* 0.99+0.04 0.99-+0.05

ZnTCl,PP* 1.024+0.01 0.90+£0.07

H,TF,PB? 0.78-+0.04 0.48
H,TCIPB? 0.95+0.06 0.59
H,TCl,PB? 1.06+0.04 0.60
H,TCl,PPOH® 1.00
H,TCl,PBOH® 0.85

“From Ref. (32).

This value of &1 was calculated Er; reported by Harriman for HyTPP, Eqq =33 keal/
mol (58), which is open to discussion; using the value of porphin, E1; =36 kcal/mol
(62), we obtain &1=0.67+0.10.

‘From Ref. (65).

“From Ref. (66).
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singlet oxygen quantum yields measured by PAC. The heavy-atom
effect expected for the halogen substituents is nicely confirmed by
PAC, and the effect of four Cl atoms is more important than that
of eight F atoms. The values of &1 and @, approach unity when
eight Cl atoms are included in the phenyl rings of TPP. This shows
that the triplet states of halogenated free-base porphyrins such as
HoTCl,PP are also sufficiently long-lived (tp>15us in No-
saturated toluene (67)) to transfer energy quantitatively to singlet
oxygen.

It should be emphasized that the measurement of the singlet
oxygen phosphorescence intensity at 1270 nm confirmed the
values @, for the porphyrins but gave systematically lower
values for the bacteriochlorins. PAC measures the amount of
heat released in the formation of transient species, whereas
phosphorescence at 1270 nm measures the amount of singlet
oxygen species. The apparent discrepancy between the two tec-
hniques may be related to the nature of the species that are
formed from the triplet state of bacteriochlorins in the presence
of oxygen and will be discussed in the next section.

Closed-shell metal ions (Mg?®", Zn?") or diamagnetic metal ions
with low-lying d orbitals (Pd®*, In3") accelerate the S;—T;
intersystems crossing and increase triplet quantum yields. The
T;— S intersystems crossing rate is also increased, but in the
case of PA'TPP, the triplet state lifetime is still sufficiently long
(t7=380 pus in outgassed methylcyclohexane (64)) to transfer its
energy quantitatively to singlet oxygen. However, the triplet
state lifetime of CIIn"'TPP in Ny-saturated DMSO is only
1.6 us, and this may be at the origin of the modest #,=0.72 in
Os-saturated DMSO (68). The spin—orbit coupling constant { of
Pd is larger than that of In, and the decrease of the triplet life-
time in ClIn'™TPP is probably associated with the concomitant
presence of C1™ as axial ligand.

The macrocycles of conformationally strained porphyrins,
and, in particular, 2,3,7,8,12,13,17,18-octaalkyl-5,10,15,20-
tetraarylporphrins, tend to adopt nonplanar conformations. This
has dramatic consequences in singlet and triplet lifetimes.
Increasing the macrocycle distortion with the introduction of
four or more ethyl groups in adjacent B positions decreases
triplet lifetimes to submicrosecond values and compromises
®,. This factor adds to the decrease of & due to decrease of
the singlet state lifetime, and ®,=0.07 was reported for
2,3,7,8,12,13-hexaethyl-5,10,15,20-TPP (61). Porphyrins with
substituents in both B- and meso-positions tend to have fast
T;— S intersystems crossing and relatively short-lived triplet
states (69), which are inappropriate for PDT.
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We have seen that the strong electronic absorption in the
phototherapeutic window observed with bacteriochlorins can
be reconciled with photostability increasing the oxidation poten-
tial (or the planarity) of the bacteriochlorins with electron-
withdrawing substituents. In particular, F' or Cl atoms in the
ortho-positions of the phenyl rings of TPPs have electron-
withdrawing effects that stabilize the HOMO and increase &t
to values close to unity. Thus, reduced porphyrins with halogen
atoms in these positions may combine the desired electronic
absorption with stability and long-lived triplet states. A word of
caution must be said about the use of electron-withdrawing sub-
stituents to stabilize reduced porphyrins. Substituents that are
particularly effective for this task, such as the nitro group, may
lead to low-lying CT states that effectively deactivate the triplet
state (69). Coordination with Pd or In also increases @t and, with
proper care in the choice of the axial ligand of In complexesf may
not compromise @,. However, the oxidation potential of Pd ITpPpP
is only 0.07 V higher than that of H;TPP and can only make a
small contribution to the stablhty of hydroporphyrins. The oxida-
tion potential of ClIn'"™TPP is 0.21 V higher than that of TPP,
and indium hydroporphyrins should be more stable than thelr
palladium analogues. However, care must be exercised in the
choice of the axial ligand to allow for long-lived triplet states.

IV. Photoinduced Reactions with Molecular Oxygen

The long-lived triplet states of free-base porphyrins have
energies between 33 and 36 kcal/mol (1.43-1.56 eV), and their
bacteriochlorin analogues have energies between 25 and 30 kcal/
mol (1.08-1.30 eV) (65). This is lower than the energy of the sec-
ond excited state of molecular oxygen (* Y e 0o, Ex-= 37 5 kcal/
mol) but higher than the energy of singlet oxygen ( Ag Oq,
E,=22.5 kcal/mol). Thus, we can expect that direct energy trans-
fer from triplet porphyrin or bacteriochlorin to molecular oxygen
leading to ground state sensitizer and singlet oxygen will be an
important decay mechanism in porphyrin-based photosensitizers.
In PDT, this is known as type II mechanism.

The mechanism of interaction between the triplet state of a
porphyrin and molecular oxygen involves the formation of an
encounter pair that may have singlet, triplet, or quintet spin
multiplicities. Spin statistics determine the probability of
forming each one of these pairs. When two triplets interact, they
give nine encounter pair spin states with equal probability, five
of which are sublevels of the encounter pair with quintet
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multiplicity, three are sublevels of the encounter pair with triplet
multiplicity, and the ninth one is the singlet encounter pair.
In the absence of perturbations, only the singlet encounter pair
eventually leads to singlet oxygen. According to Fig. 7, the sin-
glet path leads to singlet oxygen with a unit quantum yield and
the triplet quenching rate constant is (70-72)

ky = %kdiff (14)
In the presence of CT and for small energetic differences between
singlet and triplet states of CT intermediates, the singlet quan-
tum yield should drop to 0.25 and the quenching rate constant
should increase to (73)

4
ket = §kdiff (15)

The quintet path does not correlate to any products, and the
quintet encounter pairs are purely dissociative.

Molecular oxygen is a good electron acceptor, with a reduction
potential E5"“=-0.78V versus SCE in dimethylsulfoxide (74),
but not a good electron donor. Thus, CT to molecular oxygen
increases as the oxidation potential of the donor decreases. The
donor is an electronically excited state, and its oxidation
potential is given by

% —EX - E' (16)

where we have ER. = 0.95-1.43=-0.48V for H,TPP. However,
for HoTPB, the corresponding value is ER: = 0.40-1.30=-0.90V.
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Fic. 7. Wilkinson mechanism for triplet quenching by molecular
oxygen.
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The free energy of full, outer-sphere, photoinduced electron transfer
is given by
G 0 ed\ e%
AGr = (EY. — EXY) — —— 17
&r = (Ep. — EX°) DA (17a)

where the last term in negligible in polar solvents, and emphasis
is given to the measurement of redox potentials in solvents of
similar dielectric constant ¢. This shows that outer-sphere elec-
tron transfer from HyTPP to Oy is endothermic, but for HyTPB,
it may become exothermic in polar solvents and lead to the
superoxide anion, O,°".

The generation of superoxide ion is facilitated by
photosensitizers with low Ep-°*. This outer-sphere electron trans-
fer should become controlled by diffusion when AGgr <-0.27 eV
(6.2 kcal/mol) (75), that is, when Ep"*<-1.05V (e.g.,
E1r=1.30 eVand Ep°* < 0.25V)versus SCE in polar solvents. Inter-
estingly, for such exothermic electron transfers, the electron trans-
fer rate becomes larger than the statistically limited energy
transfer rate, and superoxide ion becomes the predominant prod-
uct at the expense of singlet oxygen. This does not necessarily mean
that large amounts of superoxide ion will be formed at
AGgr=-0.27 eV because back-electron transfer from O5*~ to the
radical cation of the photosensitizer is exothermic by

2
& X red) ¢ e
AG g = — | (EY — EX°) ——Sr;)A (17b)

and AG_gr=-1.03 eV is very close to the driving force of the
fastest charge recombinations, at the beginning of Marcus
inverted region (76-78). Additionally, photosensitizers with low
oxidation potentials are more susceptible toward oxidative deg-
radation and may react with O,°". The free radical route to cellu-
lar damage in PDT is called type I mechanism.

The most direct way to assess the competition between type I
and type II mechanisms in PDT is to measure the quantum
yields of singlet oxygen (®,) and of superoxide ion (®p) indepen-
dently of each other. The value of &, is conveniently obtained
from the laser energy dependence of the singlet oxygen phospho-
rescence at 1270 nm because singlet oxygen has microsecond
lifetimes in many solvents. This dependence may become nonlin-
ear when a wide range of laser energies are employed and inform
on the presence of CT mechanisms (65). However, only the value
of &, can be quantitatively obtained by this method.
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In principle, EPR of the spin adduct formed under laser irradia-
tion by a specific spin trap of O5°~ should give a good estimate of
®o. In practice, this measurement gives the amount of spin adduct
formed and stable in the time window of the experiment, which is
only indirectly related to ®o. Charge recombination with the pho-
tosensitizer radical cation, competitive reactions of O5°~, and
decomposition of the spin adduct contribute to diminish the
amount of O,°" measured with this procedure. Lower limits for
&o were determined by this method for two photosensitizers in
clinical trials, Tookad and Stakel, shown in Fig. 8. The values
obtained were &5=0.001 and 0.003 for Tookad (79) and Stakel
(80), respectively, but are likely to largely underestimate of the
actual amount of O5°~ produced. Interestingly, these palladium
complexes of bacteriopheophorbide derivatives make use of the
heavy-atom effect of Pd to enhance intersystems crossing to the

PdBPheo Stakel H,DOHPTMB
Tookad

MBPur H,BPurHep Xy=F, Cland Xo=H or X,
M =H,, Zn, Pd R = (CH5)sCHa R = OH, NHCHg, NHCH,CH,
H,TXPBOH or H,TXPBalkyl

Fic. 8. Molecular structures of photosensitizers employed in
photodynamic therapy.
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triplet, which is formed with nearly unity quantum yield, but the
radiative lifetime of triplet of triplet PdBPheo is still sufficiently
long, ca. 3 ps, for Tookad to produce singlet oxygen with ®,~1 in
organic solvents and ®,~0.5 in 3%TX-100/D;0O (79). However,
Stakel does not produce detectable amounts of singlet oxygen.
The predominance of electron transfer in Stakel at the expense of
energy transfer, as opposed to Tookad, is in line with their oxida-
tion potentials. The oxidation potential of Tookad is 0.34 V higher
than that of MgBChl (24) but that of Stakel is only 0.24 V higher
which facilitates electron transfer (80).

Another spectroscopic technique that should be able to quan-
tify &g is transient absorption of the photosensitizer radical cat-
ion. This was attempted in combination with a peculiar approach
to lower the value of the oxidation potential of the photosensi-
tizer, and hence to increase the energy of the HOMO and make
HOMO-LUMO gap smaller than the triplet state energy. As
shown in Table I, this can be achieved with Zn rather than Pd
metalloporphyrins derivatives. In fact, the zinc complex of the
bacteriopurpurinimide derivative identified in Fig. 8, ZnBPur,
has Ex=1.4 eV, E15°*=0.45V, and E1,"=-0.81V versus SCE
(81), and the following sequence of reactions becomes exothermic
in polar solvents

37nBPur + ZnBPur — ZnBPur®" + ZnBPur®~
ZnBPur®™ + Oy — ZnBPur + O3~

The radical anion and the radical cation of ZnBPur were
identified by transient absorption and EPR. The EPR spectra
were also consistent with O,°~ forming a complex with the photo-
sensitizer in glassy benzonitrile. ZnBPur yielded ¢, =0.58, much
smaller than &,=0.94 of PdBPur but higher than &,=0.33 of
HoBPur (81,82). This is consistent with the expected heavy-atom
effect and unrelated to a compensation between &, and ®q, as
expected from the fact that Os°" is not generated in a competi-
tive reaction mechanism.

Chemical methods can also be employed to assess the competition
between the formation of 'O, and O5° . A specific chemical probe
may react either with 10y or Oo*~ and yield a fluorescent product.
For example, nonfluorescent 3'-(p-aminophenyl)fluorescein reacts
with hydroxyl radicals, formed subsequently to the formation of
05°7, to give fluorescein as oxidation product (83), whereas Singlet
Oxygen Sensor Green® (Molecular Probes) specifically reacts with
10,4 to give another fluorescent product (84). Admittedly, this again
is not a direct comparison between 'Oy and O°~, and the conversion
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from fluorescence intensities to quantum yields is not usually done.
Nevertheless, the use of specific fluorescence markers has been used
to correlate the relative amounts of 'O, and O.*~ generated by
photosensitizers under the same experimental conditions with
their phototoxicities (85). It was found that in a series of three bac-
teriochlorins with a geminal dimethyl group in each pyrroline ring,
the best performing bacteriochlorin in PDT of melanoma cell lines,
1,13-bis(3,5-dihydroxyphenyl)-8,8,18,18-tetramethylbacteriochlorin
(HobDOHPTMB), shown in Fig. 8, was also the one that had the
highest fluorescein emission (85).

Finally, PAC was recently employed to obtain the quantum yields
of long-lived species, such as 'O and 05", formed after laser pulse
excitation of halogenated bacteriochlorins in aerated solutions. As
mentioned before, the values of @, initially reported with PAC
seemed to be systematically higher than the values obtained by sin-
glet oxygen phosphorescence (66). This discrepancy is removed
when it is considered that triplet bacteriochlorins generates both
10, and O,*~ in aerated solutions. It should be remembered that
PAC measures the amount of heat released in the formation of a
transient and that fractions of heat released in the sequential forma-
tion of transients with different time scales can be separated (86,87).
In the time window of a PAC experiment, the triplet state of the
bacteriochlorin is formed “instantaneously” and the first heat decay
corresponds to the difference between the energy of the light
absorbed and the triplet state energy, with appropriate consider-
ation of the triplet quantum yield and of the energy lost by fluores-
cence. The energy balance of the various fast processes gives

$1Ep, = Ep, — OpET — OpEg (18)

The second heat decay corresponds to the reactions of the triplet.
When the triplet reacts by energy and electron transfer with
molecular oxygen, the energy balance is (65)

$oEn, = PaA(Ex — Ep) + @cr(Er — Ect) + (P71 — @A — Por)ET
(19)

The last term represents nonproductive channels such as the
fraction of triplet states that decays by process other than
quenching by molecular oxygen or the fraction of
bacteriochlorin®*/O,°~ ion pairs that undergo charge recombina-
tion before they are fully solvated. Additionally, in some cases,
there is evidence for a long-lived CT complex with O,°~ (81),
which may not decay in the time window of the PAC experiment.
The halogenated and sulfonated bacteriochlorins shown in Fig. 8
have long-lived triplet states and fast quenching rates with
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molecular oxygen. Thus, virtually all triplets will interact with
molecular oxygen. The values of ¢, can be reliably measured
by singlet oxygen phosphorescence. The energy of the CT state
can be estimated from Eqgs. (17a and 17b). The major uncertainty
in deriving the value of &, from Eq. (19) and an independent
measurement of @, is the estimate of the fraction of CT states
that separate into free ions and of the CT states that recombine.
A thorough investigation of the rates and energies of all the pro-
cesses involved in the interaction between halogenated and
sulfonated bacteriochlorins and molecular oxygen leads to the
scheme presented in Fig. 9. Typically, these photosensitizers
have #,=0.74+0.1 and #5=0.34+0.1 (65), and lower values of
@, are closely associated with higher values of &.

The generation of O5°~ by chlorinated and sulfonated bacteri-
ochlorins was also investigated by EPR. It was shown that O°~
is the primary photoproduct of electron transfer in aqueous solu-
tion, but it protonates and/or disproportionates to yield molecu-
lar oxygen and hydrogen peroxide (65). The formation of the
hydroxyl radical subsequent to the formation of O5°~ and Hy0,
was demonstrated by the EPR spectra of spin adducts formed
with specific spin traps, and by the inhibition of their formation
in the presence of superoxide dismutase or catalase. The
hydroxyl radical cannot be formed neither via the Haber—Weiss
reaction because it is known to be inefficient in water nor via
the Fenton reaction because a chelating resin was employed to
remove metal ions from the solution. Alternatively, the

S0
: Yy kyir [02)
BS540 oo e g PSRl
" ky=54x10°
: 3 Yokan[0a] 354-0;  ker=57x10° Kygp=5%10°
T W i S DN T X oA e
5 "—‘ Lt raai §$+0;
10, Ve ky=5.4x10% & =70, ke $7-03

3336 keal/mol

: 2627 kealimol Kgr=2x108 |
k,=6.8x10%} k,=6.8x10% ] :

So S0 U 2

Porphyrins Bacteriochlorins

Fic. 9. Rates (in s !) and energies in the interaction between
molecular oxygen and halogenated and sulfonated bacteriochlorins (65).
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H+

Fic. 10. Mechanism proposed for the interaction between molecular
oxygen and halogenated and sulfonated bacteriochlorins (65).

photocatalytic mechanism shown in Fig. 10 was proposed to
account for the formation of 'Og, 0O5°~, Hy0s, and OH® observed
in aqueous solutions.

To the best of our knowledge, the first “stable” bacteriochlorins
were published in 2002 (66), but the concept of “stable” that
needs qualification. We classify 5,10,15,20-(2,6-difluorophenyl)
bacteriochlorin, Hy;TFoPB, as “stable” because its half-live for
degradation in aerated toluene solution under ambient light
and at 120°C exceeds 2 weeks. The preparation of these
halogenated bacteriochlorins was criticized for being limited to
the synthesis of bacteriochlorins containing inert functionalities
(88). This criticism was proved unsound (89), and more recently,
an environmentally friendly method was developed to synthesize
>99% pure halogenated and sulfonated bacteriochlorins in gram
batches (90).

The remarkable stability of fluorinated and chlorinated TPBs
is assigned to the stabilization of their HOMO and was inspired
by the increase in oxidation potentials remarked for Mg'(TF,PP)
or Zn'(TF,PP) (20). The other bacteriochlorins presented in
Fig. 8 were also developed with the concern of producing more
stable photosensitizers than bacteriochlorophyll a. Their synthe-
sis was guided by three observations: (i) appropriate metals in
the tetrapyrrolic ring increase its oxidation potential and stabi-
lize the bacteriochlorins against oxidation (Tookad), as in
metallo-bacteriochlorophylls (24,91); (ii) geminal dialkyl groups
in each reduced pyrroline ring lock-in the reduction level of the
bacteriochlorins (H,DOH;PTMB), as in Tolyporphin A (92); and
(iii) exocyclic rings impart stability toward oxidation
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(HsBPurhep), as in chlorins (81,93,94). The success of these
strategies can be best evaluated in terms of the photodecomposi-
tion quantum yields of the sensitizers.
The photodecomposition quantum yield is defined as
Bor — initial rate of disappearance of photosensitizer molecules
pd — initial rate of absorption of photons

(19)

Table IV presents ®,4 values taken from the literature or calcu-
lated from data in the literature for various photosensitizers
with the structures presented in Fig. 8. Assuming that the oxida-
tion potentials along the series of tetrahydroxyphenyl porphyrin
(HoTOHPP), chlorin (Ho;TOHPC, commercialized as Foscan),

TABLE IV

PHOTODEGRADATION AND SINGLET OXYGEN QUANTUM YIELDS OF PHOTOSENSITIZERS, AND
TRIPLET QUENCHING RATE CONSTANTS IN AERATED SOLUTIONS

q)pd X 106 Dy kq/kdiffa

PBS PBS:methanol Methanol

Photofrin® 55 0.36  0.12
H,TOHPP* 3.8 046  0.17
H,;TOHPC (Foscan)* 33 0.43 0.16
H,TOHPB® 1500 043  0.23
PdBPheo (Tookad)? 1800 ~1

Stakel (PdBPheo 2800 ~0

derivative)®

H,TCIPBOH#¢ 284 296 35 043  0.43
H,TFPBMet 81 0.63
H,TCl,PBEt"" 6 066  0.33
H,BPurHep' 046  0.33

“In methanol, ethanol, benzonitrile, and, in the case of Ho'TCIPBOH, aqueous solutions,
kqo/kaigr=0.11 is expected in the absence of charge transfer and should increase to 0.44
with charge transfer.

*From Refs. (95) and (96); the value of &, was measured for a 10 uM PBS solution of
hematoporphyrin derivative (97).

“From Refs. (98,99) and 99, with @, in methanol.

9In acetone using data from Ref. (79).

“Using data from Ref. (80), but the broadening of the absorption bands shows that the
photosensitizer is aggregated and this typically diminishes the photodegradation.

From Ref. (90).

&From Ref. (100).

"From Ref. (65).

From Ref. (101), but the rate constants refer to HoBPur in benzonitrile according to
Ref. (82).
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and bacteriochlorin (H,;,TOHPB) follow the same trend as HyTPP,
H,TPC, and HoTPB in Table I, the photodecomposition quantum
yield in PBS:methanol seems to increase by a factor of 10 as the
oxidation potential is reduced in 0.1 V. The presence of two Cl
atoms in the ortho-positions of the phenyl rings of Hy;TCl,PBEt
increase the photostability of this bacteriochlorin to that of a por-
phyrin. The nature of the substituents and metal ions also
influences ®,4. For example, Tookad has a higher oxidation
potential than bacteriochlorophyll a, which is similar to that of
H,TPB, but the photodegradation quantum yields of H;,TOHPP
and Tookad are similar. Stakel has an oxidation potential 0.1 V
less positive than that of Tookad (80) and was reported to be less
photostable than Tookad. Stakel does not form detectable
amounts of 'O,. Its facile photooxidation in PBS leads O,"~ and
OH?" radicals, and the generation of these species is accompanied
by the consumption and degradation of a similar number of
Stakel molecules (80).

Table IV also shows that the quenching rate constants of trip-
let bacteriochlorins by molecular oxygen approach the value of
4/9%kg;¢r, indicative of the formation of CT complexes. The
quenching of triplet porphyrins and chlorins is close to 1/9%4;ss,
which is consistent with the high energy of excited state CT
complexes in these systems (65).

The data published over the past 8 years shows the relevance
of the CT channel in the quenching of triplet bacteriochlorins
by molecular oxygen. These sensitizers contrast with triplet
porphyrins that have higher oxidation potentials, lower
quenching rates but an upper limit of unity for the singlet oxygen
quantum yield. Whereas PDT with triplet porphyrins will be
dominated by type II mechanism, triplet bacteriochlorins may
also make use of type I mechanism. The comparison between
the in vitro PDT efficacy of porphyrin and bacteriochlorins may
inform on the relevance of type I and type II mechanisms. Addi-
tionally, it is of general interest to assess the progress achieved
by the photosensitizers presented in Fig. 8 over the most popular
photosensitizers in clinical use: Photofrin and Foscan.

V. Photodynamic Therapy

Photofrin (a mixture of hematoporphyrin derivatives including
various dimers) and Foscan (Ho;TOHPC) are the most widely
used sensitizers in oncologic PDT and are indicated for a variety
of cancers (102,103). In vitro and in vivo studies reported for
these sensitizers and for the new generation of bacteriochlorin
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sensitizers presented in Fig. 8 typically use different experimen-
tal conditions, namely, a variety of drug doses and formulations,
broad-band and laser light sources, drug-to-light intervals and
light doses, and cell lines and animal-models. The rich diversity
of studies is dictated by the specific properties of each sensitizer
and by the requirements of the clinical cases. This diversity is
welcome because each type of cancer (or clinical case) will cer-
tainly require a specific therapy and the multiparametric
approach offered by PDT may have the flexibility to offer rele-
vant clinical options to various types of cancers. However, the
scatter of the experimental details makes the comparison
between the performances of the sensitizers very problematic.
The aim of this part of our work is only to present some selected
examples of PDT with new bacteriochlorin sensitizers and is not
intended to be representative of all the therapeutic opportunities
they may offer. Thus, the examples presented below are
organized in terms of comparable experimental conditions to
illustrate how the design of the photochemical properties of
sensitizers is reflected in their performance.

Table V presents the limits for cytotoxicity in the dark of por-
phyrin, chlorin, and bacteriochlorin sensitizers and their photo-
toxicity under irradiation, in the same lab, by a filtered 500-W
halogen lamp with a nearly uniform spectral density from 610
to 800 nm (54,96,100). The only exception in that table is Tookad,
which was irradiated with a 250-W halogen lamp, with similar
filters but in another lab (106). Direct comparison between struc-
turally related porphyrins and bacteriochlorins shows that they
have similar cytotoxicities in the dark but that the bacteri-
ochlorins are much more phototoxic. In fact, their phototoxicity
exceeds what could be expected from the amount of light
absorbed, given by ¢[PS], and the singlet oxygen quantum yield.
Note that H,TCIPPOH has &[PS]®,="17.5x10% ecm™ !, whereas
H,TCIPBOH has ¢[PS]®,=5 x 10* cm ™ !. Thus, considering only
the amount of singlet oxygen generated by these sensitizers, for
the same incident light dose, the bacteriochlorin should be 6.7
times more potent than the porphyrin. In reality, taking into con-
sideration the drug concentrations and light doses required to
kill 90% of melanoma cells, H;,TCIPBOH is ca. 65 times more
potent than H,TCIPPOH. This difference cannot be assigned to
different intracellular localizations because the two sensitizers
have similar structures and n-octanol:water partition coefficients
(Pow). In view of the reactions of bacteriochlorins with molecular
oxygen, it is likely that their increased phototoxicity with respect
to porphyrins is related to the generation of the hydroxyl
radical in water. A word of caution must be said about the limited



TABLE V

PHOTOSENSITIZER PARAMETERS AND LiGHT DOSE (hvgg) UNDER BrROAD-BAND IRRADIATION REQUIRED TO KiLL 90% oF MELANOMA
(S91 or SKMEL-188) or CoroN Carcinoma (HT29) CeLLs IN ViTrRO

Sensitizer/cell line J(nm) Py eM Tem™)  LDsopark (WM)®  LDggppr (WM)  Avgg (J/cm?)  LDgg hveg (UM J/em?)
Photofrin/S91° 630 0.36° 1170 >25 17 0.175 3.0
H,TCIPPOH/S91¢ 633° 0.74° 504° >200 20 4.0 80.0
H,TCIPBOH/S91/ 748° 0.43°  23,900° >200 5 0.26 1.3
H,TCIPPOH/SKMEL? 633¢ 0.74° 504° >200 20 5.4 108
H,TCIPCOH/SKMEL?  650° 0.86° 6955° >200 20 0.46 9.2
H,TCIPBOH/SKMEL# 742"  0.42" 61,000" 5 0.32 1.6

Tookad/HT29" 763 ~1 ~100,000 >5 0.5 12 6.0

“The concentrations employed in these studies were not sufficiently high to induce 50% cell death in the dark, but the lower limits presented are
higher than the onset of dark toxicity (10-20% cell death).

®From Refs. (96) and (102), the concentrations employed in PDT, 10 pg/ml, were converted to molar units using the nominal molar weight of the
mixture (600 g/mol) (104) given that the molar weight of Photofrin is ill-defined.

‘For a 10-uM PBS solution of hematoporphyrin derivative (97).

9From Ref. (54).

°In aqueous solutions.

From Ref. (105).

&From Ref. (100).

"In ethanol from Ref. (90).

From Refs. (106) and (79), photophysical data in acetone.
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generality of these observations. Scherz and coworkers found that
phototoxicity of Tookad toward cell cultures is higher than that of
Stakel, although Stakel generates mainly hydroxyl radical, as
opposed to Tookad (107). The contrast with the case of H;TCIPPOH
versus HyTCIPBOH is probably related to the fact that Tookad is a
hydrophobic sensitizer, whereas Stakel is hydrophilic and their
intracellular localizations must be different.

A superficial appraisal of Table V suggests that Photofrin is
nearly as good a sensitizer as HyTCIPBOH for PDT of melanoma.
A more careful examination reveals that the onset of Photofrin
cytotoxicity in the dark occurs at concentrations one order of
magnitude lower than those of halogenated and sulfonated TPPs
chlorins or bacteriochlorins. In an attempt to compare the
in vitro efficacy of different sensitizers, Plaetzer defined the
ICsp of a sensitizer as the ratio between its lethal dose 50% in
the dark and induced by llght, IC50:LD50dark/LD5OPDT (104)
This is a very convenient index to characterize the effectiveness
of a series of sensitizers under the same light dose. However, to
compare experiments employing different light doses, it is neces-
sary to incorporate the light dose in the evaluation of sensitizers.
We can obtain a figure of merit to characterize the in vitro effi-
cacy of a sensitizer using the dark cytotoxicity measured by
LDsogark, together with the concentration required to kill 90%
of the cells for a given light dose (Avgg)

LDsodark 20)

$ror = LDgopprhveo

The equation above defines a phototherapeutic index and was
applied to in vitro studies for which all the parameters are available.
Table VI presents a few relevant examples. The comparison
between Photofrin and Foscan is straightforward because the same
cell line was employed and reveals that the Foscan is a more efficient
sensitizer. The comparison between the other sensitizers involves
different cell lines and must be made with caution. However, sul-
fophenylbacteriochlorins with chlorine atoms in the ortho-positions
of the four phenyl rings have shown similar dark cytotoxicities and
phototoxicities toward various cell lines (89,100,105) and seem to
be promising sensitizers for oncologic PDT.

Sensitizers that are successful in vitro may fail in vivo because
of poor biodistribution/bioavailability, unfavorable pharmacoki-
netics, or unwanted side effects. As mentioned in Section I, the
choice of porphyrin derivatives for the PDT of cancer is driven,
in part, by their affinity toward tumors. Hence, biodistribution/
bioavailability is not generally a problem with these sensitizers,



TABLE VI

PHOTOSENSITIZER CONCENTRATION AND LASER LigHT DosE REQUIRED To KiLL 90% oF THE CELLS IN VITRO

Sensitizer® log Pow Cell lines LD5opark (tM) LDgoppr (M) hvgo (J/em?) @ppr (cm?/J)
Photofrin® ~0° Epidermoid ca. (A431) 5 60 15 0.06
Foscan® 5.3 Epidermoid ca. (A431) 8 0.1 1.5 53
H,;BPurhep® 11.2 RIF 10 1.5 10 1
H,DOHPTMB? 6.8 HeLa 4 0.2 10 2
H,TCl,PBOH* -1.7 Prostate (PC-3) 623 35 6 3

“From Refs. (104) and (108).

®For hematoporphyrin IX in Ref. (108).

‘From Ref. (101); concentrations between 1.5 and 2.5 uM were tested in the dark, and it was reported that 1.5 uM solutions had no dark toxicity;
although IC5gpa,c Was not reported, given the onset of dark toxicity, 10 uM is an educated guess for IC5opark-

“From Ref. (109).

“From Ref. (89).

From Ref. (90).
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although the most common side effect of clinically approved PDT
sensitizers is persistent skin photosensitivity and this is related
to a poor distribution between the tumor and skin. For example,
Photofrin and Foscan lead to skin photosensitivity that may last
from 4 to 6 weeks after treatment (102). Improved biodistribution
may reduce skin photosensitivity and when associated with a high
tumor-to-muscle tissue ratio it may also avoid unwanted side
effects in the tissues surrounding the tumor. Favorable pharmaco-
kinetics, namely, a circulation time in the organism that is suffi-
ciently long to take advantage of the good biodistribution of
porphyrin derivatives but sufficiently short for satisfactory clear-
ance, is also critical for the success of a PDT sensitizer. Finally,
most sensitizers are hydrophobic and require drug formulations
with organic solvents that are an additional burden to the organ-
ism. Preference for biocompatible sensitizers with low or negative
log Pow must be balanced with the evidence for higher in vitro
PDT efficacy of more lipophilic sensitizers, presumably due to bet-
ter intracellular localizations (107,109,110).

Many examples of tumor regressions in mice with implanted
tumors are available in the literature. Table VII results from
an effort to select studies with efficient sensitizers that also
reported tumor-to-skin and tumor-to-muscle tissue ratios. These
ratios are not relevant for Stakel and Ho.DOHPTMB because
irradiation of the tumors was made starting immediately or
15 min after the intravenous injection of the sensitizers, respec-
tively (85,113). The use of these sensitizers and of Tookad is
not based on their selectivity toward tumor versus normal
tissues. Rather, PDT with these sensitizers targets vascular
effects. In fact, it was shown that there is no significant penetra-
tion of Tookad in the tissues, and its mechanism is based on the
differential response of tumor and normal vasculature to Tookad-
PDT (114). The photosensitizer in Table VII with the largest
tumor-to-skin ratio is H;'TCIPBOH, and this is expected to mini-
mize skin photosensitivity. Additionally, more than 90% of this
sensitizer is cleared from the blood in 24 h, which are very favor-
able pharmacokinetics. The stability of this bacteriochlorin due
to the presence of electron-withdrawing substituents and the sol-
ubility in biocompatible vehicles introduced by the sulfophenyl
groups are key factors for the success of this sensitizer in vivo.
These factors complement the spectroscopic and photochemical
properties discussed earlier, namely, the strong absorption of
the bacteriochlorin core in the phototherapeutic window, the fast
intersystems crossing to the triplet due to the internal heavy-
atom effect, the long-lived triplet state, and the efficient forma-
tion of both singlet oxygen and superoxide ion. The tumor growth



TABLE VII

ANtMAL-MoDEL, TUMOR-TO-NORMAL Ti1SsUE Ratios, Laser LicHT Dosk, BLoop CLEARANCE KiNETICS, AND TUMOR GROWTH DELAYS TO
PrEDETERMINED SizEs IN PDT

Light dose Clearance Tumor growth

Sensitizer Animal, tumor Tumor/skin Tumor/muscle (J/em?) half-life (h) delay (days)
Photofrin® Nude, HT29 1.05 4.7 100 23° 8

Foscan® BDIX, LSBD 3.09 7.57 50 80° 7

Stakel? Nude, M2R ~1 30 0.028 20
H,;BPurhep® C3H, RIF-1 2.8 135 18
H,DOHPTMB’ C57BL/6, B16F10 120 6
H,TCIPBOH? DBA, S91 5.3 3 108 5" 27

%From Ref. (111), tumor-to-normal tissue ratios measured 24-h post 30-mg/kg i.p. injection, endpoint of tumor growth 3 cm?®.

*Noncompartimental analysis of biological half-life in BDIX rats, from Ref. (112).

‘From Ref. (112), tumor-to-normal tissue ratios measured 24-h post 0.3-mg/kg i.v. injection, endpoint of tumor growth 1.8 cm?.

9From Ref. (113), tumor-to-normal tissue ratios measured a few minutes post 6-mg/kg i.v. injection, endpoint of tumor growth 1.8 cm?; a drug
dose of 9 mg/kg i.v. further delays tumor growth.

°From Ref. (101), PDT performed 15-min post 0.4-pmol/kg i.p. injection, endpoint of tumor growth 0.4 cm?.

From Ref. (85), tumor-to-normal tissue ratios measured 24-h post 5 mg/kg i.v. injection, endpoint of tumor growth 1 cm?.

&From Ref. (105), tumor-to-normal tissue ratios measured 24-h post 10-mg/kg i.p. injection, endpoint of tumor growth 0.7 cm?.

hThere is an initial increase in the concentration of the sensitizer in the blood, followed by a decrease with a half-life of ca. 5 h.
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delay observed with HoTCIPBOH illustrates the success of the
design of a sensitizer for PDT from spectroscopic, photochemical,
and biological principles.

VI. Conclusions

Porphyrin derivatives present a variety of photochemical pro-
perties that have been much explored to obtain better sensitizers
for the PDT of cancer. Table VIII summarizes some of the more
relevant factors that should be considered in the design better
photosensitizers for PDT and relates them to structural
modifications. Some of these factors are contradictory, and
improved photosensitizers are likely to emerge from the best bal-
ance between these factors. Free-base and palladium complexes
of hydroporphyrins rank among the best sensitizers presently
available. Bacteriochlorins are particularly interesting for their
intense absorption in the near infrared and were recently shown
to be sufficiently stable for PDT when electron-withdrawing
groups and/or steric protection are introduced in their molecular
structure. In addition to photogenerating singlet oxygen, bacteri-
ochlorins have sufficiently low oxidation potentials to generate

TABLE VIII

GUIDELINES TO DESIGN BETTER PORPHYRIN-BASED PHOTOSENSITIZERS FOR PDT

Objective Guideline Limitation
Amax at Reduced porphyrins (e.g., Oxidation potential
720-900 nm bacteriochlorin) decreases and oxidative

Large ¢ Distorted porphyrins (e.g., degradation becomes
large groups at B-positions) facile

Stability Increase oxidation potential Low-energy charge transfer
(e.g., electron-withdrawing states promote
substituents, Pd?* or In3* radiationless transitions
complexes)

Increase @t Introduce heavy atoms in Excessive heavy-atom effect
phenyls at meso-positions or will reduce tr

diamagnetic heavy metal
ions

> 10 ps Avoid distortion of the
macrocycle, charge transfer
states, paramagnetic ions,
and excessive heavy-atom

effect
Generate O;"~  Lower the oxidation potential =~ Compromise with stability
Tumor Moderate lipophilicity Toxicity of i.v. formulation

retention
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also significant amounts of superoxide ion and, in aqueous sol-
utions, hydroxyl radicals. These ROS are very useful in the PDT
of cancer and bacteriochlorins rank among the most phototoxic
sensitizers presently available. The structure of these macrocycles
also allows for the tuning of their intracellular localization and
improvement of their biocompatibility and pharmacokinetics.

The rich photochemistry of porphyrin derivatives can serve
many other useful applications. A much less explored avenue in
photomedicine is the use of porphyrin derivatives for tumor imag-
ing (115). Their intrinsic affinity for tumors and their remarkable
photochemical properties suggest various roles in the imaging of
neoplastic diseases. Recent work described fluorescence imaging
with porphyrin derivatives (116,117), but their low fluorescence
quantum yields and the diffusional nature of light propagation
in tissues strongly limit deep tissue imaging with these
sensitizers. Alternatively, it was proposed to use porphyrin
derivatives as contrast agents in photoacoustic tomography
(PAT) (118). The design of better contrast agents for PAT should
incorporate paramagnetic metal ions that rapidly quench the
excited states and rapidly convert all the absorbed energy into
heat and, consequently, generate intense acoustic waves.

In view of the ability to predict the effect of substituents in the
macrocycle and of the flexibility of the synthetic methods avail-
able, it is likely that much improved sensitizers and probes will
be made available for photomedicine in the coming years.
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ABSTRACT

Inorganic photochemistry has experienced an enormous prog-
ress within the past decades. Many branches of current frontier
science including sustainable chemistry, solar fuel production,
or modern therapeutic strategies critically depend on light-
responsive metal complexes. More recently, the various aspects
of bioinorganic and bioorganometallic photochemistry have been
systematically explored. In the present review, an attempt is
made to provide some unifying concepts and rational design
guidelines for the development of novel biomimetic and
bioinspired systems controlled and driven by photons. Spectral
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sensitization of such photoprocesses remains a central challenge
for utilizing sunlight as the energy source for enzyme mimetics,
artificial photosynthesis, and chemical photocatalysis. Several
applications of metal-based drugs in molecular photomedicine
also require light sensitivity in clearly defined spectral regions.
Therefore, a brief overview on bioinorganic chromophores and
their synthetic counterparts is provided. We also focus on the
integration of abundant natural resources and the search for
novel photocatalysts based on nonprecious metals and environ-
mentally benign materials.

Keywords: Bioinorganic chromophores; Solar photochemistry;
Biomimetic catalysis; Artificial photosynthesis; Photoactivated
drugs.

I. Introduction

The science of inorganic photochemistry has matured over the
past 40 years (I). It covers in depth all kinds of chemical effects
of photons on inorganic matter. Therefore, it is not surprising
that the progress achieved in studying the properties of excited
state materials and the photophysics and photochemistry of coor-
dination compounds has significantly driven the frontiers of
many other branches of research. Major topics now well
established in the field include the detailed characterization of
photoexcited metal complexes, photoinduced electron and energy
transfer processes, solar energy conversion, homogeneous and
heterogeneous photocatalysis, supramolecular photochemistry,
semiconductor sensitization, photochromism, luminescent
probes, sensors, and the development of light-emitting devices
such as OLEDs (2).

More recently, the various aspects of light-responsive and
photoreactive inorganic compounds in biological and bioinspired
systems have been addressed (3-6). In the present contribution,
some fundamental principles and first advances of the rapidly
evolving fields of bioinorganic photochemistry and biomimetic
photocatalysis will be discussed.! No attempt will be made to
provide a comprehensive coverage of the relevant literature,
which is widespread across a bunch of different disciplines

IThe term photocatalyst is used to characterize a substance able to induce cat-
alytic chemical transformations of reaction partners upon the absorption of
light (7).
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Fic. 1. Origins and impacts of bioinorganic photochemistry.

(Fig. 1). Our intention is rather to visualize current research
horizons and to stimulate further endeavors into this exciting
new branch of inorganic photochemistry and photocatalysis,
which started about a decade ago (3,8).

Il.  Inorganic Photochemistry Inspired by Nature

Studying the inorganic chemistry of life already has a long his-
tory (9). What we now call biological inorganic (bioinorganic and
bio-organometallic) chemistry (10,11) is a cross-disciplinary
research topic primarily concerned with the role of metals in
biology and life sciences. It turned out that approximately
one quarter of the known chemical elements has a crucial function
for living organisms and that metal ions are of fundamental impor-
tance for all biological systems. A large share of the structurally
characterized biological macromolecules contains inorganic
cofactors. For instance, the majority of all known enzymes are
metalloproteins with one or more transition metal ions such as
V, (Cr), Mn, Fe, Co, Ni, Cu, Zn, Mo, or W in their respective active
site. Coordination chemistry undoubtedly plays a critical part in
stabilizing protein structures (12). The various other functions of
metalloproteins in biological systems are illustrated in Table I.
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TABLE I

CLASSIFICATION OF METAL SITES IN BroLogy.*

Basic role Typical functions and metal ions involved
Structural Stabilization of protein configuration (Ca, Mg, Fe, Zn)
Redox Transfer of electrons or atoms (V, Mn, Fe, Co, Ni, Cu, Mo, W)
Catalytic Turnover of substrates (V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, W)
Photochemical Light-harvesting and solar energy conversion (Ca, Mg, Mn,
Zn)
Binding Small molecule coordination, transport, and release (Fe,
Ni, Cu)
Storage Uptake and storage of metal ions, storage of dioxygen (Fe)
Regulation Switch of protein function (Fe)

“Adapted from Refs. (13) and (14).

Metalloenzyme catalysts participate as key compounds in some
of the most important biochemical processes of life on earth
including nitrogen fixation, respiration, and oxygenic photosyn-
thesis (15). To imitate such natural chemical processes and to
develop new compounds which are able to mimic biological mat-
erials in their structures or functions are the primary goals of
biomimetic chemistry (16). Especially, the construction of robust
chemical systems acting as artificial enzyme models (synzymes,
chemzymes) has always been attracting considerable interest in
the field (17,18), as these synthetic counterparts could replace
the role of natural enzymes in various applications such as cata-
lytic substrate conversion, bioanalytics, or medicinal chemistry.
A representative example is the development of Ns-macrocyclic
transition metal complexes, which are able to act as functional
mimics of superoxide dismutase (SOD) enzymes (19). The com-
plex 1 shown in Fig. 2 efficiently catalyzes the conversion of
O5°" into peroxide and dioxygen with a rate nearly approaching
that of the native manganese redox enzyme MnSOD (20).

It is important to note, however, that synthetic bioinorganic
model compounds, which can compete with the reactivity of their
natural counterparts, are still extremely rare. This is probably
due to the fact that despite huge efforts devoted to this topic, a
real breakthrough in simulating the crucial role of the protein
matrix which surrounds the native reaction centers has not yet
been accomplished.

To mimic the extremely efficient and selective chemistry of
biocatalysts in the absence of their dynamic protein environment,
novel routes have to be explored (5,6). In this context, we have
started to impose light-induced electronic, energetic, and



PHOTOSENSITIZATION AND PHOTOCATALYSIS 239

(@ ) (B (b)

Fic. 2. (a) Structure and function of H. sapiens manganese super-
oxide dismutase (PDP-code: 1ABM) and (b) synthetic low molecular
weight substitute of MnSOD optimized for therapeutical purposes (20).

structural changes on the substrate binding sites of biomimetic
and bioinspired coordination compounds (artificial photoenzymes,
photochemical model enzymes). Already, the first attempts in this
direction have proven to be very promising (3). As will be shown
later in more detail, most of the other functions of metal sites in
biological systems summarized in Table I can also be reproduced
with bioinspired photochemical model systems.

Efficient light absorption and the population of photoreactive
excited states are the minimum requirements for this novel
approach. The quantum nature of photons furthermore offers a
straightforward strategy to incorporate other interesting pro-
perties such as selectivity, switching, and regulation of light-
responsive processes. Some basic characteristics of the functional
components present in the corresponding bioinorganic and
biomimetic systems will be discussed in the following sections.

A. LicHT ABSORPTION AND SENSITIZATION

The most fundamental principle of photochemistry, which
actually was discovered by exposing inorganic compounds to sun-
light (21), states that light must be absorbed by a chemical sub-
stance for a photochemical reaction to occur. We will therefore
start our discussion with a brief overview on some of the natural
chromophores which are known to be involved in photosensory
processes or could be useful for the construction of artificial
photoreactive systems.
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A.1. Photoresponsive biomolecules

Intensely colored visible-light absorbing molecules are an
essential part of our living environment. A quite small number
of chromophore types and photoactive pigments seems to be
sufficient to deal with the basic photobiological responses and
light-dependent functions that have evolved in natural systems.
Prominent representatives of organic chromophore molecules in
this context (Fig. 3) are the flavins, pterin derivatives such as
MTHF 2, porphyrins and related tetrapyrrole pigments 3, car-
otenoids 4, or conjugated oxidation products of amino acids such
as the chromophores of the green fluorescent proteins 5 (22-24).

There are also many building blocks and redox cofactors pres-
ent in biological systems including purines, quinones, coenzymes
such as NADH, and other organic chromophores displaying

Fic. 3. Examples of natural photoantenna chromophores: (2) 5,10-
methenyltetrahydrofolate (MTHF), a blue light photoreceptor pigment
present in photolyase and some cryptochromes; (3) Pheophytin a, the
primary electron acceptor in cyanobacterial oxygenic photosynthesis.
(4) 11-cis-retinal, which is involved as sensory photoreceptor compo-
nent in the opsin-based visual process of animals; and (5) the p-
hydroxy-benzylidene-imidazolinone chromophore (HBDI) of the green
fluorescent protein from bioluminescent marine species.
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characteristic absorption bands (25). Most of these compounds
are able to interact with metal ions or may serve as ligands in
biocoordination chemistry (10). Under natural conditions, these
chromophores are usually thought not to be directly exposed to
electromagnetic radiation. They are therefore considered as irrel-
evant for photobiological primary processes. Nevertheless, the
corresponding compounds frequently turn out to be light
sensitive under both in vitro and in vivo conditions. This feature
can be directly exploited to influence biological functions or to
construct artificial photoresponsive systems.

Illustrative examples for such a possibility are found with the
cytochromes. The name of these proteins comes from the Greek
words meaning “colored substances in the cell.” Cytochromes
are intensely red-colored redox enzymes containing a heme pros-
thetic group as their dominant chromophore. Hemes are iron
complexes of protoporphyrin IX derivatives (10,26). One of the
most frequently studied metalloproteins of this family is cyto-
chrome ¢ (27). The ribbon structure of a cytochrome ¢ enzyme
together with the protein-bound heme ¢ cofactor 6 is shown
in Fig. 4.

Cytochrome ¢ has a number of vital functions inside the cell.
As part of the mitochondrial electron transport chain in respira-
tion, it shuttles redox equivalents to cytochrome ¢ oxidase (28),
which can be considered as a kind of natural fuel cell for energy
conversion. Mitochondrial dysfunction accompanied with changes
in cytochrome c oxidase activity, however, seems to be intimately
related to aging, neurodegeneration, and disease (29). Effects
that can manipulate the functions of such redox enzymes
are therefore of great importance for many research fields.

Photons are able to cause such effects. Light sensitivity of cyto-
chrome containing systems has been known for a long time. For
example, when bacteria of the type Rhodomicrobium (red
microbe) were exposed to near infrared (NIR) radiation, their
cytochrome system was oxidized from the ferrous to the ferric
state (30). It is important to note that an archaic type of
anoxygenic photosynthesis based on the oxidation of Fe(II) spe-
cies has in the mean time been discovered (31), and that
Rhodomicrobium strains are now known to belong to such types
of photoferrotrophic microorganisms (32).

More recently, a novel mitochondrial signaling pathway
activated by red light in the visible-to-NIR spectral region has
been discovered (33), which is thought to depend on a direct light
absorption by the metal-binding sites of the cytochrome c oxidase
machinery. These findings may help to understand the beneficial
effects of red light therapy for accelerated wound healing and
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other medical applications (34). Although the detailed
mechanisms causing such effects are not fully clear, it seems that
the cells directly involved in wound repair are affected upon irra-
diation. An overall acceleration of the electron transfer processes
in the respiratory chain could provide more ATP, which is neces-
sary for the wound-healing process. However, also some other
types of bioinorganic photoreactions may be of crucial relevance
in this context and have to be discussed (6). For example, the nit-
ric oxide generated in injured tissue is well known to inhibit the
catalytic center of cytochrome ¢ oxidase (35), and photoinduced
NO release can recover its function (36).

Another very interesting example of a photochemical reaction
directly involving the two chromophores 5 and 6 (Figs. 3 and 4)
has recently been described (37,38). The spectral changes of the
corresponding photoredox process are shown in Fig. 5.

Oxidative quenching of the photoexcited EGFP protein is not
only possible with cytochrome ¢ but also achieved with a variety
of other electron acceptors, including biologically relevant ones
such as NAD™ or flavins (37). Further, the photoinduced electron
transfer (PET) seems to favor a net two-electron process. It has
been observed both in solution and inside living organisms with-
out any special treatment. These findings give rise to
speculations that a possible biological function of green fluores-
cent proteins might be that of a light-activated electron donor
similar to the role of chlorophyll donating electrons to an accep-
tor in photosynthesis.

Fic. 4. Structures of cyt ¢ (PDB-code: 3CYT) and c-type heme (6).
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Fic. 5. Electronic spectra of a mixture of ferric cytochrome ¢ and
enhanced green fluorescent protein EGFP before (—) and after (----)
490 nm photolysis indicating the formation of the ferrous form of heme ¢
(6) with maxima at 413, 520, and 550 nm. Adapted from Ref. (37).

In this context, it is interesting to note that it has been pointed
out that enzyme catalysis driven by light represents photosyn-
thesis in its simplest biological form, and that photoenzymes
probably played an important role in the early biotic environ-
ment on earth (39). Today, the only metalloenzyme directly
involved in photochemical processes under natural conditions is
the visible light-driven water—plastoquinone oxidoreductase, bet-
ter known as photosystem II (PS II) of oxygenic photosynthetic
organisms (40). However, the functional properties of many other
metal sites in bioinorganic systems are also known to be
modified by irradiation. Some of these examples are given below
(Table II).

The reasons for light sensitivity in these enzymes are not
always well understood, and several other examples will proba-
bly be discovered when the nature of the light-absorbing species
is clarified. It therefore seems appropriate to provide a brief over-
view on the basic types of inorganic chromophores occurring in
biological metal sites.

A.2. Bioinorganic chromophores

Excitation of proteins, nucleic acids, or organic cofactors acting
as ligands in biological systems frequently involves individual
functional groups or isolated conjugated n-systems. When a
metal is coordinated to such moieties, the resulting molecular
orbitals are usually classified as predominately located at the
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TABLE II

ExAMPLES OF METALLOPROTEINS INFLUENCED BY LIGHT ABSORPTION

Protein Metals Effects observed Reference
involved
Catalase Fe Inactivation 41
Horseradish peroxidase Fe Inactivation (42)
[Fel-Hydrogenase Fe (7 Inactivation 43)
Methionine synthase Co Inactivation (44)
Ferredoxin nitrate Mo Inactivation 45)
reductase
Cytochrome P450 Fe Activation (46)
Cytochrome c oxidase Fe,Cu (7) Activation (47)
Nitrile hydratase Fe Activation 48)
Ethanolamine Co Activation (?) (49)
ammonia-lyase
CH3SCoM reductase Ni (?) Activation 50)
Tyrosinase Cu (?) Activation (62))
Fd-thioredoxin reductase Fe Regulation 52)
Ascorbate oxidase Cu Regulation 53)
Xanthine oxidase Mo, Fe (?) Regulation (54)
Methylamine Cu (?) Switch of (55)
dehydrogenase function

metal (M) or at the ligands (L). In such a case, three funda-
mental types of electronic transitions can be distinguished.
Transitions localized at the metals (metal-centered, MC), ligands
(ligand-centered, L.C or intraligand, IL), or charge transfer (CT)
transitions with a spatial redistribution of electron density occur-
ring between reducing (donor) and oxidizing (acceptor) subunits of
the system (56,57).

A schematic representation of the typical classes of electronic
transitions (MC, LC, CT) observed in metal complexes is shown
in Fig. 6. In bioinorganic chromophores, the MC transitions usu-
ally involve metal ions with a partially filled d-electron shell,
which are then characterized by the presence of low-energy
ligand field (d —d) electronic transitions or excitations involving
metal-metal o-bonds. The corresponding absorptions are some-
times covered by other bands and therefore hard to detect.
It has been pointed out that whenever metallobiomolecules are
described as being highly colored and having unique spectral
features, this may indicate the presence of intense low-energy
CT transitions (57). The typical absorption characteristics and
the conspicuous colors related to the presence of such inorganic
chromophores in biological samples have frequently been used
to classify complete enzyme families, to coin names for certain
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Fic. 6. Molecular orbital diagram for an octahedral transition metal
complex MLg illustrating different types of electronic transitions based
on localized orbital configurations (MC, metal-centered; LC, ligand-
centered; MLCT, metal-to-ligand charge transfer; LMCT, ligand-to-metal
charge transfer). Adapted from Ref. (1).

compounds, or to identify the involvement of characteristic inter-
mediates or cofactors in biochemical processes. Illustrative
examples in this context are metalloproteins with blue copper
sites, purple acid phosphatases, or the red iron—sulfur proteins
of the rubredoxin type (Fig. 7).

Many of the biological ligands present in metalloproteins
(oxide, sulfide, phenolate, thiolate, and peroxide) exhibit low-
energy ligand-to-metal charge transfer (LMCT) transitions. Due
to the strong donor character of the coordinated groups involved
in such systems, this may also reflect the presence of highly cova-
lent ligand-metal bonds, which considerably contribute to the
observed reactivity of these active sites in biology. Low-energy
metal-to-ligand charge transfer (MLCT) transitions are less fre-
quently assigned in bioinorganic systems. They require the pres-
ence of a reducing metal donor site and ligands with sufficiently
low-lying acceptor orbitals. This situation is frequently observed
in bio-organometallic systems and in the presence of tetrapyrrole
macrocycles or redox cofactors.

Besides the CT transitions shown in Fig. 6, several other com-
binations of donor and acceptor moieties in metalloproteins can
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Fic. 7. Electronic absorption spectrum of the oxidized rubredoxin

protein from the dinitrogen fixing bacterium Clostridium pas-
teurianum. Adapted from Ref. (58).

lead to low-energy CT interactions. This includes the observation
of mixed-valent compounds with ligand-to-ligand charge transfer
(LLCT) transitions between reducing and oxidizing ligands
simultaneously present at a metal-binding site, or the possibility
of metal-to-metal charge transfer (MMCT) or intervalence charge
transfer transitions in polynuclear metal-binding sites and clus-
ter structures with ligand bridged reducing and oxidizing metal
centers (56).

In all these cases, the degree of coupling between the donor
and acceptor sites crucially determines the electronic structures
and optical properties. Whenever strong covalent bonding occurs,
as is the case for bioorganometallic systems, the degree of molec-
ular orbital delocalization may become dominant and the
description of electronic transitions with localized orbitals and
discrete oxidation states is then no longer appropriate. Neverthe-
less, this simplified classification has proven to be very useful to
discuss different types of excited states in both inorganic photo-
chemistry and bioinorganic spectroscopy (56,57). A representa-
tive overview on the diversity of bioinorganic chromophores
following this terminology is given in Table III.

As can be clearly seen from the data provided in Table III, the
excitation energies of different bioinorganic chromophores are
completely covering the photochemically relevant spectral region
from ultraviolet to NIR light. Moreover, the observed intensities
of the absorption features directly involving metal-binding sites
strongly vary and span many orders of magnitude. To populate
a desired excited state manifold more efficiently, it may therefore
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TABLE III
SoMmE BioiNORGANIC CHROMOPHORES
Metalloprotein Metal  Absorption® Assignment Reference
Horseradish peroxidase Fe 400 LC (42)
(100,000)
Cytochrome P450 Fe 363 (50,0000 LC/LLCT 59)
Methylmalonyl CoA Co 376 (12,800) LC/LLCT (60)
mutase
Methyl CoM reductase Ni 420 (22,000) LC (61)
Bovine serum amine Cu 480 (3500) LC (62)
oxidase
Ribonucleotide reductase Fe/Mn 408 (3400) LC (63,64)
Galactose oxidase Cu 900 (1000) LLCT (65)
Deoxyhemerythrin Fe 1110 (4) MC (66)
Nitrile hydratase Co 575 (30) MC (67)
CuZn superoxide Cu 610 (155) MC (68)
dismutase
Cytochrome c oxidase Cu-Cu 769 (1500) MMCT/MC  (69)
Photosystem 11 Mn, 820 (?) MMCT/MC  (70)
Mn
Clavaminate synthase Fe 500 (375) MLCT (71)
Taurine o-KG Fe 530 (140) MLCT (72)
dioxygenase
Methyl CoM reductase Ni 754 (2500) MLCT (61,73)
Vanadium A% 315 (3000) LMCT (?) (74)
chloroperoxidase
Mn superoxide dismutase  Mn 480 (800) LMCT (75)
Acid phosphatase Mn 515 (2460) LMCT (76)
Formate dehydrogenase Fe 400(16,0000 LMCT (77)
Rubredoxin Fe 490 (8700) LMCT (78)
Phenylalanine Fe 700 (1140) LMCT (79)
hydroxylase
Thiocyanate hydrolase Co 340 (?) LMCT (?) (80)
Azurin Cu 630 (5000) LMCT (81)
Ascorbate oxidase Cu 610 (9600) LMCT (82)
DMSO reductase Mo 720 (2000) LMCT (83)
DMSO reductase w 560 (1800) LMCT (84)

“Wavelength (nm) (¢ M~ em™1); approximate values extracted from the published

data.

become necessary to sensitize the systems by introducing

additional excited state levels.

A.3. Spectral sensitization

The process of photosensitization occurs, whenever the absorp-
tion of radiation by one molecular entity causes photophysical or

photochemical alterations

in another molecular entity or
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material. This may involve either energy transfer or electron
transfer (I1). In a strict mechanistic sense, however, the sensitizer
must not be consumed in the process. Scientific work on this
topic dates back to the pioneering days of photography, when
the sensitivity of silver halides was for the first time extended
to longer wavelengths by using various organic dyes and
pigments (85). Later, the dye sensitization of solids and
semiconductors was systematically explored (86), which finally
led to the development of modern solar cell materials (87).

Biological effects of sunlight and synthetic organic dyes on
enzymes, microbes, and higher organisms have been discovered
in the end of the nineteenth century and soon were exploited
for medical applications (88). Today, the optimization of
sensitizers for photodynamic therapy is still a very active branch
of research in bioinorganic photochemistry and molecular
photomedicine (6,89).

The majority of organic compounds and biological metabolites
is colorless but may be severely damaged under UV-light expo-
sure. Therefore, spectral sensitization is a crucial prerequisite
for the efficient accumulation of permanent photoproducts in all
kinds of synthetic processes driven by light. The big advantage
of photosensitized processes avoiding undesired side reactions
caused by secondary photolysis now gradually becomes
recognized as extremely useful for photocatalytic organic synthe-
sis driven by visible light (90).

Here, we will mainly focus on two other important aspects of
photosensitization: the fundamental role of deeply colored com-
pounds as light-harvesting antenna chromophores for solar
energy conversion and the possibility of reaching spectroscopi-
cally hidden, but photochemically active excited state levels by
means of spectral sensitization.

Porphyrins and related tetrapyrrole pigments represent the
most important class of sensitizers in both natural and artificial
photosynthesis (8,87,91). These compounds are ideally suited for
collecting light in the far-red and NIR spectral region, which
represents a natural limit for directly driving energetically uphill
bond-formation processes suitable for the photochemical storage
of solar energy. To reproduce the spectroscopic and light-
harvesting features of the chlorophylls is therefore an important
goal of biomimetic and bioinspired chemistry (5,92,93). A com-
parison of natural and synthetic photosensitizers with quite sim-
ilar absorption characteristics is given in Fig. 8.

Besides metallophthalocyanines 7 as photosensitizers (91,93),
some intensely colored perylene diimine derivatives such as
8 have also been proposed as functional chlorophyll analogues
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Fic. 8. Electronic spectrum of bacteriochlorophyll a (----) extracted
from antenna complexes of purple bacteria compared to the spectrum
of a synthetic phthalocyanine metal complex (—). Reproduced with per-
mission from Ref. (5). Copyright Wiley-VCH.

Fic. 9. Structures of robust biomimetic photosensitizers with chloro-
phyll-like excited state properties (93,94).

(94). Chlorophyll @ with a Qy-band at An.x=665nm (95) is the
magnesium complex of the dihydroporphyrin derivative 3
already shown in Fig. 3. The chemically quite different
structures of compounds 7 and 8 are given in Fig. 9.



250 GUNTHER KNOR AND UWE MONKOWIUS

In the context of artificial photosynthesis and solar fuel pro-
duction, the long-wavelength spectral sensitization of photo-
reactions into the far-red and NIR-region is of prime interest.
Without suitable chromophores, a reasonably high efficiency of
an abiotic solar energy storage process, which is always
characterized by a specific optimum threshold wavelength
(5,96,97), will not be reached.

As already mentioned above, spectral sensitization may also
become indispensable when the light absorption properties of a
potentially photoreactive compound do not permit direct excita-
tion in the desired wavelength region. By application of
sensitizers with adjusted excited state properties, it is, for exam-
ple, possible to induce photochemical reactions of otherwise col-
orless compounds with visible light. Another important
application in photochemistry is the sensitized population of
excited state levels, which are not easily reached by direct
absorption of light due to the limitations of quantum chemical
selection rules. This phenomenon has been extensively exploited
in mechanistic and synthetic organic photochemistry, where
enhanced yields of triplet state population could be achieved in
various dye-photosensitized processes (98).

In the pioneering years of inorganic photochemistry, the basic
inter- and intramolecular sensitization processes were
introduced by Vogler and Adamson (99), which soon was followed
by organometallic examples (100). In this decade, also the blue-
light absorbing tris(2,2-bipyridyD)ruthenium(II) cation [Ru
(bpy)sl®*, 9 was promoted as an interesting new sensitizer for
energy and electron transfer processes (101,102). In a plethora
of slightly modified forms, [Ru(bpy)s]®>" became an extremely
popular prototype of an inorganic photosensitizer (103). This also
opened fascinating new routes in bioinorganic photochemistry
such as probing and modulating the active site properties of
metalloenzymes with blue light (104). Derivatives of [Ru(bpy)s]®*
continue to be extensively studied in the context of photo-
catalysis, biomimetics, solar energy conversion, and artificial
photosynthesis (105-109). The structure of the parent ruthenium
polypyridine complex 9 together with a representative applica-
tion of this structural motif in bioinorganic photocatalysis is
depicted below (Fig. 10).

While the MLCT excited state properties of sensitizers such as
9 are easily studied and spectroscopically characterized, these
compounds are not yet the best choice for certain applications.
This includes all kinds of photosystems requiring to collect a
much larger share of the solar spectrum such as artificial photo-
synthetic architectures or solar cells. Even more severely, in PET
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Fic. 10. The photosensititzer [Ru(bpy)s>*] (9, left side) covalently
wired to the heme prosthetic group of horse heart apomyoglobin. This
hybrid system allows to create and characterize radical intermediates
in the enzyme active site triggered by light (110).

processes, sensitizers such as [Ru(bpy)s]>" are acting as a one-

electron reagents, while many photocatalytically attractive pro-
cesses for the synthesis of permanent reaction products require
the exchange of more than one electron to avoid destructive side
reactions and thermodynamically unfavorable free radical chem-
istry (5,8). Serious efforts are therefore necessary to efficiently
couple the photoinduced primary processes to other catalytically
competent moieties. As an alternative, a new generation of light-
harvesting photocatalysts termed multielectron transfer (MET)
photosensitizers has been introduced (8,111). These compounds
are able to directly promote net two-electron processes following
the absorption of only one photon.

Besides color, sensitization, and light-harvesting efficiency, the
actual reactivity of the excited states populated is therefore a
crucial property. Some aspects of relevance for bioinorganic and
biomimetic systems will be discussed in the following chapters.

B. PuorocHEMICAL REACTIVITY

Absorption of light always leads to an activation of the
irradiated compound, as excited state energy levels are situated
considerably higher than those of the corresponding ground state
species. Thus, it is not surprising that many reactions, which are
thermodynamically or kinetically inaccessible in the ground
state, can occur with high efficiency from electronically excited
states. This general feature makes photochemical activation
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under ambient conditions an ideal strategy for the functional
modeling of difficult or energetically demanding chemical trans-
formations that are otherwise restricted to biocatalysis and
natural photosynthesis. In Table IV, some complementary
functions of biological systems and basic types of photochemical
reactions are compared.

The design principles for the rational construction of light-
driven counterparts of bioinorganic, bio-organometallic, and bio-
catalytic systems have recently been reviewed in more detail
(5). Here, we will limit our discussion on the most important
aspects and advantages of photoreactive components in
bioinspired energy conversion and catalysis.

B.1. Electrons

Light absorption modifies the driving force for electron transfer
processes in all kinds of materials. As photoactivated species are
always better oxidants and reductants than their ground state
equivalents, an enhanced redox reactivity is usually observed
in the excited state. Photoreactions are therefore ideally suited
to trigger, study, and mimic bioinorganic electron transfer.

The typical one-electron redox reactions resulting from
PET processes can be applied to control the generation of
reactive intermediates similar to the way radical enzymes are
performing (112). To achieve an accumulation of permanent reac-
tion products, as is the case with most oxidoreductase enzymes
and photosynthetic systems, it is very important to provide suit-
able (photo)-catalytic multielectron transfer (MET) pathways.

TABLE IV

ExcITED STATE PROCESSES AND THEIR FUNCTIONAL COUNTERPARTS

Light-dependent reaction types

Biosystems with related functions

Bond distortion, spin crossover
Sensitization, energy transfer
Photoinduced electron transfer
Hydrogen atom abstraction
Photooxidation, photoreduction
Photoaddition, photosubstitution
Photodissociation, photo-cleavage
Photoisomerizations
Photodimerization, photo-
polymerization
Phototriggered release of compounds
Photodeposition of materials

Enzyme-substrate complexes
Light-harvesting antenna systems
Photosynthetic reaction centers
Radical enzymes

Oxidoreductase enzymes
Transferases, kinases

Hydrolases, lyases, nucleases
Isomerases, mutases

Ligases, polymerases

Hormones, neurotransmitters
Biomineralization and storage
proteins
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The crucial advantage of collecting and coupling redox
equivalents is to avoid free-radical side reactions, as these pro-
cesses tend to decrease both the long-term stability and the over-
all efficiency of the system. Especially, the light-induced
substrate transformations in natural and artificial photosynthe-
sis strongly depend on the feasibility of MET catalysis. For exam-
ple, the fixation of CO5 to form carbohydrates in a photocatalyzed
four-electron process allows a long-wavelength spectral sensitiza-
tion down to a photon energy of 1.3 eV, corresponding to an NIR
threshold absorption wavelength of about 950 nm. In contrast, a
minimum energy of 3.6 eV (340 nm, UV-light) is necessary to drive
the reaction in highly unfavorable one-electron steps, and two-
thirds of the solar energy suitable for carbon dioxide reduction
are wasted (8). Also many energetically downhill reactions in bio-
inorganic and bioinspired catalysis require optimized MET
reagents to be sufficiently accelerated and to guarantee a large
total number of possible redox cycles.

The qualitative reaction profile given in Fig. 11 shows how a
light-induced single-electron transfer process can be coupled to
suitable follow-up steps to facilitate the formation of permanent
two-electron photoredox products. Larger bond and shape
reorganizations of excited state molecules, which typically
involve the population of CT states or the formation of
Jahn-Teller distorted species, are very helpful to achieve such

Energy

Reaction coordinate

Fic. 11. Schematic illustration of a net two-electron transfer
photoredox process. Excitation of reactants (R) forms a metastable
one-electron intermediate (I), which finally can yield an energy-rich
permanent product (P) after a second electron transfer step. Adapted

from Ref. (8).
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a favorable situation of the potential energy surfaces (5,8).
Ideally, the thermal back reaction of the products formed should
have a sufficiently high activation barrier to enable a continuous
accumulation of the desired product molecules during many
photocatalytic cycles. According to the Hammond postulate
(113,114), which claims that exothermic reactions have an early
barrier, the structural features of the one-electron transfer inter-
mediates formed photochemically should already be as close as
possible to the transition state of the follow-up electron transfer
step. This requirement gives an important guideline for choosing
the type of excited state to be built into such systems.

B.2. Protons

The most common type of biocatalytic reactions is proton trans-
fer (115). Nearly, every enzymatic reaction involves one or more
proton-coupled steps. Transition-state proton bridging and intra-
molecular proton transfer (general acid—base catalysis) are
important strategies to accelerate substrate conversion pro-
cesses. Moreover, proton transfer also plays a fundamental role
in bioenergetics (116).

There are also many well-documented cases of excited state
proton transfer reactions. It has been known for a long time that
the acid—base properties of organic molecules such as phenols are
drastically modified upon light absorption. About 60 years ago,
Forster suggested a simple method for estimating the excited
state pK* values of photoactivated species from thermodynamic
and spectroscopic data (717), which became very popular
(Fig. 12).

AH* ] v P ArO—*
) K3
ArOH* Pha
hvaro-
hvaron
| ArO~+H
— PK,
ArOH

Fic. 12. Forster-cycle for the acid—base equilibria between a phenol
derivative (ArOH) and the corresponding phenolate anion (ArO™) in
the ground state Sy and the first excited singlet state S;.
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The first example of such a reversible proton translocation
cycle occurring within a protein core (118) was described for the
GFP chromophore 5 already mentioned in the previous sections
(Fig. 3). In the presence of light, excited state proton transfer
should also be relevant for many other biological systems carry-
ing phenols such as tyrosine residues or other deprotonable
moieties in their active sites. In inorganic photochemistry, the
acid—base properties of the coordinated ligands can also be dras-
tically modified upon excitation. Although some attempts to gen-
eralize the Forster concept for coordination compounds have
been made (119), the possible benefit of utilizing such effects is
still underestimated. Nevertheless, it is already quite clear that
metal complexes with potential proton translocation sites on
the ligand periphery also exhibit immense changes in their
nucleophilic character and their acid-base properties upon light
absorption (120). The chemical bonds most frequently involved
in the context of excited state proton transfer reactions include
OH, NH, and CH. Typical photoinduced changes in acidity or
basicity are characterized by pK-value variations of 4—6 units,
which is in the range of the transition-state effects observed in
hydrolytic enzyme catalysis (5). These effects could therefore
become a very useful functional tool for many applications in bio-
mimetic and bioinspired photocatalysis.

B.3. Spin

When chemical bonds are formed or broken, the valence
electrons of the participating species are redistributed. In some
cases, the necessary changes in electron angular momentum
(spin) in the course of a chemical reaction may represent the
decisive rate-limiting factor (Fig. 13). For example, the majority
of stable organic substances are diamagnetic with a singlet
ground state. Spontaneous reaction with dioxygen, which has a
triplet ground state, is therefore constrained due to spin-barrier
effects. These limitations are immediately circumvented, when
O, is converted into singlet oxygen by photosensitization or by
other means.

Rate acceleration is the most fundamental aspect of catalysis.
To elucidate the electronic mechanisms of spin—acceleration phe-
nomena therefore represents an important topic in both bio-
inorganic and biomimetic dioxygen activation (5,122). Many
other types of substrate transformations catalyzed by metal
complexes or redox enzymes also involve key steps with a change
in spin along their reaction coordinates. The abundance of such
phenomena seems to be much wider than initially thought. This
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Fic. 13. Energy curves along the reaction coordinate of a spin-forbid-
den two-state process (a). In such a situation, spin crossover can accel-
erate product formation by opening up a novel low-energy reaction
pathway (b). Adapted from Ref. (121).

includes all kinds of radical reactions and electron transfer
processes, which can be catalyzed by metal ions (123). Some
spin-forbidden proton transfer reactions have also been
characterized (124).

Paramagnetic metal complexes or radical species present in
the coordination sphere of active sites can open up initially
closed reaction channels when their own spin is combined with
those of the reactants. In photosynthetic reaction centers, the
fate of the radical-ion pairs generated by photoinduced charge
separation is, for example, defined by the exchange interactions
with a close-by iron site. Also, the course of bond cleavage pro-
cesses, hydrogenations, and isomerizations can be influenced by
the presence of paramagnetic compounds. All the basic aspects
of this ubiquitous phenomenon termed spin-catalysis (125-127)
can also be exploited for bioinspired photocatalytic systems,
where spin crossover and intersystem crossing (ISC) processes
can be triggered by light, and the degree of spin—orbit coupling
can be employed to partially control such effects (5).

C. SELECTIVITY AND REGULATION

The interaction between light and matter, unlike thermal acti-
vation of compounds in the form of heat, is always a very selec-
tive process. Photochemical activation may induce the twisting,
stretching, or destabilization of certain bonds located in a specific
region of an individual molecule, while other subunits remain
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almost unaffected. This resembles the strategies evolved in biocat-
alytic systems, where activation, regioselectivity, and branching
between alternative substrate transformation pathways are
carefully controlled by the formation of enzyme—substrate
complexes.

The convenient triggering of selective reactions by light and
the regulatory effects of light intensity variations are crucial
benefits of the photochemical approach toward biomimetic model
compounds. These two important aspects of biological systems,
which are otherwise hardly achieved in synthetic molecular
devices, will be briefly discussed in the following sections.

C.1. Controlling reaction pathways

In photochemical reactions, the population of excited states of
different orbital origins can result in quite different reactivity
patterns. Therefore, reaction products may occur, which are not
accessible at all in thermochemical pathways. Especially in
organometallic and coordination compounds, the primary pho-
toproducts obtained are not always resulting from the lowest-
lying excited state levels. Wavelength-selective excitation may
then be exploited to channel the product formation process and
to control a possible branching between different reactivity
patterns.

As already mentioned in the previous section, also the funda-
mental laws of spin conservation may completely close or at least
slow down certain reaction channels. ISC and spin inversion thus
can strongly influence the balance between competing processes
with a different regio- and stereoselectivity (5). While such
effects are very common in metalloenzyme redox catalysis, their
rational exploitation in bioinorganic photochemistry and photo-
catalysis is still in its infancy (3,6).

Successful fine-tuning of the branching reactivity patterns
observed in metal complexes and organometallics requires a pro-
found set of experimental and spectroscopic data. Especially in
complicated systems with various close-lying electronic excited
states of different orbital parentage, an in-depth interpretation
of the experimental results can only be supported and further
refined by highly sophisticated quantum chemical calculations
(128,129). A well-documented example of such a situation with
a competitive spin-multiplicity- and wavelength-dependent pho-
toreactivity is the selective bond cleavage of [HMn(CO)s] and
related organometallic manganese hydride complexes (Fig. 14).

The carbonyl-hydrido complex [Mn(H)(CO)3(DAB)] displays
nine low-lying singlet and triplet excited states, which all are
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Fic. 14. Calculated potential energy surface of the 'MLCT state of
Mn(H)(CO)3(DAB) as a function of the MnH and MnCO bond lengths
(DAB, 1,4-diaza-1,3-butadiene). Adapted from Ref. (128).

potentially photoreactive. It could be shown (128) that only two
of those, the singlet metal-to-ligand 'MLCT (dyr, — n¥pap) state
and the triplet sigma-bond-to-ligand 3SBLCT (oymu— T*DaB)
state, define the photochemistry of the compound. While the
lower-lying triplet SBLCT (or mixed MLCT/LLCT) state should
induce a homolytic cleavage of the metal-hydride bond, visible
light excitation and population of the singlet MLCT state allow
an ultrafast direct dissociative process of the axial CO ligand
(Fig. 14), which is completed within 400-500 fs.

C.2. Controlling catalytic activity

The metabolic functions of living organisms are maintained by a
complex interplay of regulatory networks. Enzymatic activity and
gene expression are permanently adapted for an optimum perfor-
mance and may be completely switched on and off in a reversible
manner. Typical mechanisms involved in biological systems
include the stimulation and inhibition by control proteins or
metabolite molecules, allosteric interactions, proteolytic activa-
tion, redox transformations, and reversible covalent bond
modifications such as phosphorylation and dephosphorylation (5).
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In a similar way, photochemical remote control of chemical and
biological processes can serve to mimic or influence important
aspects of these natural regulatory systems. The most simple
version of deactivation and activation of any photochemical pro-
cess can be achieved by switching between dark- and light-
adapted conditions, which is comparable to the presence or
absence of an inhibitor. Photosubstitution reactions of metal
complexes and light-induced fragmentation processes can be
employed to trigger the signal transduction function of small gas-
eous molecules and other neurotransmitter substances. Another
common strategy is the photochemical cleavage of a light-sensi-
tive protection group to trigger the release of otherwise hidden
(so-called caged) bioactive or biomimetic compounds (130,131).
The big disadvantage of most of these simple strategies is that
the desired function is only available for one time in an irrevers-
ible light-responsive process.

In many types of photocatalytic reactions, however, the varia-
tion of incident light intensity is directly related to the actual
photostationary concentration of the active species involved (5).
This feature can then be easily applied for a certain degree of
continuous up- and down-regulation of an already running biomi-
metic process under ambient conditions. An even higher level of
control can be reached, whenever a wavelength-selective
response of the system is built in. Some photochromic com-
pounds, for instance, (132) enable a reversible switching of
catalytic activity and other types of light-dependent processes.
This is a very powerful tool for the construction of biomimetic
and bioinspired enzyme models.

In the field of artificial photosynthetic devices, regulatory
strategies could also be advantageous. An interesting recent
example for such an approach is given in Fig. 15. The multi-
chromophoric system consists of a covalently linked porphy-
rin—fullerene donor—acceptor core designed for photoinduced
charge separation (133). In the periphery, additional aromatic
antenna subunits and a photochromic switch are situated. Under
intense white-light conditions, the spiro-dihydroindolizine-based
regulator subunit 10 opens up to form a larger photostationary
concentration of its deeply colored betaine form, which in compe-
tition to the donor—acceptor moiety also absorbs in the visible
spectral region and efficiently quenches the donor excited state.
In a certain sense, this self-regulating molecule mimics the way
green plant photosynthesis responds to potentially damaging
light levels by controlling the fraction of excitation energy that
can drive PET processes.
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Fic. 15. Example of a covalently linked donor—acceptor system fea-
turing a photochromic control moiety (11) for the downregulation of
photoinduced electron transfer under intense light conditions. Adapted
from Ref. (133).

lll. Design Strategies and Building Blocks

In the second part of this contribution, we will demonstrate
how the basic principles discussed above can be utilized as a
starting point for creating artificial biomimetic and bioinspired
catalytic and photosynthetic devices. At present, only very few
examples of synthetic molecular systems, which are able to
replace all important functional aspects of their native
counterparts under mild and ambient conditions, have been
described in the literature (6), including some important results
of our own work. In the last sections of this review, several
selected case studies from the author's research efforts in this
direction will therefore be presented.

Here, we will also try to promote our own personal view on the
possible roadmap to be followed for a rational development of
such light-controlled photocatalytic systems (3,5,8). The first
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important step is to analyze the structural and mechanistic
details of the natural process to be copied as far as possible.
Then, instead of trying to create a synthetic blueprint of all the
molecular components involved, the next step should be to define
the most fundamental functional requirements for a certain pro-
cess and to find out, which photoreactive components could possi-
bly fulfill the same kind of function in a more easily accessible
way. It is important to note that such a bioinspired design
strategy is not at all limited to the bioavailability of certain
chemical elements or to the arsenal of biological ligands, which
had defined the evolution of the natural systems.

Once a working model for a functional analogue has been
identified and tested, available theoretical concepts can serve
as a helpful guideline for optimizing the performance of the
biomimetic compounds. This may include more detailed
insights in multielectron reactivity, proton-coupled steps, conical
intersections, stereoselectivity, and selection rule constraints
including spin catalysis effects. At this stage of the development,
the efficiency and selectivity of important mechanistic key steps
of biological systems can already be directly compared with the
photochemical reactions chosen to copy the same function.
Long-term stability criteria, undesired side reactions, and the
possibility of light-dependent regulation should be included in
the considerations to optimize the synthetic compounds.

Finally, the best building blocks identified can be coupled in a
modular way to complete photocatalytic reaction cycles, which
then should be able to mimic a certain biological process. If these
bioinspired photocatalytic systems are performing under identi-
cal conditions as their native counterparts, a direct comparison
of quantitative criteria such as turnover frequencies and the
total number of catalytic cycles is possible and should always
be the final goal to demonstrate the potential usefulness of the
biomimetic process.

A. IDENTIFYING FUNCTIONAL ANALOGIES

Nature sometimes solves identical problems with apparently
quite different solutions. Important examples of such a conver-
gent evolution at the molecular level are the functional parallels
between iron and copper centers in bioinorganic chemistry.
The dioxygen-carrier proteins of different organisms may, for
instance, be based on mononuclear iron tetrapyrrole complexes
or in contrast may involve dinuclear copper sites (10). Synthetic
chemistry can even go a step further and try to mimic basic
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biological functions with abiotic building blocks. It is therefore
very important to identify and compare different types of molec-
ular entities with an intrinsic functional relationship. Some
instructive examples of such a possibility, which may become
very useful for biomimetic photochemistry, are given below.

A.1. Two-electron redox relays

In many biocatalytic systems, the conversion of substrate
molecules is accompanied by the transfer of two electrons and
two protons. Several different types of organic ligands are able
to assist such a catalytic exchange of multiple redox equivalents.
They are either directly acting as electron and proton transfer
cofactors or may be coordinated to a redox-active metal site.
Typical examples in biological systems are quinone and
hydrochinone couples which shuttle redox equivalents between
different proteins or porphyrin and hydroporphyrin ligands
acting as catalytic subunits in oxidoreductases.

Frequently, such systems undergo reversible structural
distortions to better control the redox equilibria and to slow
down undesired back reactions. Sometimes, even an irreversible
reaction involving cofactor fragmentation is applied to
completely shift the redox equilibrium into the desired direction.
An important example in this context is the biocatalytic reactiv-
ity of a-keto acid-dependent iron enzymes (134), where the two-
electron oxidation of ferrous active sites to form iron(IV) oxo spe-
cies is assisted by a decarboxylation process of the coordinated
carbonic acid in the presence of dioxygen. Interestingly, quite
similar strategies to utilize the efficiency of irreversible pro-
cesses and thus to better couple two consecutive one-electron
radical reactions are well established in the field of inorganic
photochemistry. The classical ferrioxalate system for chemical
actinometry based on the irreversible LMCT-induced decomposi-
tion of iron-coordinated oxalato ligands (135) and the more
recent development of sacrificial two-electron sensitizers for
improving the sensitivity of silver halide photography should be
mentioned in this context (136).

The employment of robust aromatic ligand architectures able
to introduce the same kind of reactivity in a reversible manner
is of course much more desirable. For this purpose, biological
redox cofactors such as quinones, porphyrins, flavins, and their
functional analogues in biomimetic chemistry contain a built-in
butadiene-type moiety as part of their n-electron system, which
can be considered as a minimum functional motif for assisting
the reversible uptake of two electrons and two protons. This
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Fic. 16. Structures of different types of ligands acting as two-elec-
tron redox relays in natural and artificial systems: Flavins such as
(11) are the essential constituents of flavodoxines and flavoproteins
(137). The a-ketoglutarate anion (a-KG, 12) is a typical example of a
sacrificial redox mediator which decomposes during catalysis (72). Syn-
thetic chelates such as bis-arylimino-acenaphthene (BIAN, 13) have
been proposed for the development of bio-inspired multielectron trans-
fer photosensitizers (138).

property can also be exploited in photochemical model systems
involving such types of ligands either directly or in the first or
second coordination sphere of redox active metal centers. Some
examples of natural and synthetic ligands that can undergo
reversible or irreversible two-electron transformations are
presented above (Fig. 16).

A.2. Hydride transfer shuttles

Several enzymes such as reductases and dehydrogenases uti-
lize nicotinamide derivatives as reversible carriers of redox
equivalents. The reduced dihydronicotinamide moiety NAD(P)H
acts by donating a hydride equivalent to other molecules.
In the corresponding two-electron oxidized NAD(P)" form, the
cofactor formally accepts a hydride ion from the substrate.
Functional models of such reversible hydride transfer processes
are of considerable interest for biomimetic chemistry, and the
strategies to regenerate nicotinamide-type cofactors are crucial
for the performance of many organic transformations involving
biocatalytic key steps (139,140).
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Fic. 17. Some examples of organic ligands acting as nicotinamide
cofactor mimetics (141-143) with redox-active metals M bound to V-
heterocyclic carbene (14), 1,2-diimine (15), and amide groups (16).

Efficient photochemical systems based on small molecular syn-
thetic compounds with a ligand-based hydride transfer function-
ality in close proximity to a metal coordination site are still quite
rare. In Fig. 17, some possible ligand architectures described in
the recent literature are shown.

A.3. Carbon dioxide docking sites

Small carbon-containing molecules such as atmospheric CO,
are considered to be important renewable feedstocks (144,145).
In the context of mankind's increasing demand for carbon-based
materials, food, and liquid fuels, the photocatalytic reduction of
carbon dioxide under solar light irradiation is an attractive
option. Such types of artificial photosynthetic processes could
greatly enlarge the possibilities of abiotic CO4 recycling.

To activate carbon dioxide for chemical reactions, it is advanta-
geous to fix and destabilize this rather inert molecule. An impor-
tant strategy to control and influence the reactivity of CO, is its
coordination to amines, metal-bound imido moieties, or metal
centers (144), which leads to a decrease of the CO bond order,
while the molecule in most cases becomes considerably bent. In
biochemical pathways, the COy adduct of the coenzyme biotin
(17) is involved in various carboxylation and transcarboxylation
reactions (146). Similar structural motifs could become impor-
tant functional building blocks for bioinspired photoreactions
involving carbon dioxide activation steps (Fig. 18).

Bocarsly recently described the detailed mechanism of a very
interesting photoelectrochemical process with a pyridinium-
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Fic. 18. Ligand architectures for coordinative carbon dioxide activa-
tion: structure of the biotin-CO, coenzyme (17) involved in many
biological carboxylations (146). Proposed pyridinium-CO, adduct (18)
accelerating electrocatalytic carbon dioxide reduction processes (147).

catalyzed multielectron reduction of carbon dioxide in aqueous
solution (747). An inner-sphere electron transfer mechanism pro-
ceeding through coordinative interactions between pyridinium
radicals and COs-derived species bound to the nitrogen atom of
the aromatic heterocycle (18) is suggested. A systematic ligand
design aiming at an inclusion of this kind of catalytically compe-
tent building block might become very advantageous for biomi-
metic photocatalysis and artificial photosynthetic carbon
dioxide conversion.

A.4. Oxyl radical functionality

A widespread structural motif in many biocatalytic oxidations
is the presence of electrophilic oxygen species and reactive oxyl
radical species in close proximity to pre-organized substrate
molecules. The most prominent example is the attachment of a
Lewis acid-activated water molecule in the second coordination
sphere of a high-valent manganese oxygen center, which is sup-
posed to be involved in catalyzing the crucial first O-O bond for-
mation step in natural oxygenic photosynthesis (5,148,149).
Some monooxygenase enzymes including the versatile hemopro-
tein catalysts of the cytochrome P450 family (3,150) and the iron-
or copper-based enzymes involved in the partial oxidation of
methane to methanol are probably operating in a quite similar
way (151,152). Also many other kinds of oxidoreductases rely
on the intermediate generation of oxyl radicals to accelerate sub-
strate conversion and to overcome rate limiting steps such as
hydrogen abstraction in a controlled and efficient manner.

In earlier work (3), we have already pointed out the striking
similarities of such electrophilic oxygen sites and biocatalytic
oxyl radical reagents with the electronic structures and



266 GUNTHER KNOR AND UWE MONKOWIUS

reactivity patterns of certain excited state species. These
analogies can be readily exploited for triggering the corresponding
substrate transformations in biomimetic photocatalysis. A selec-
tion of different building blocks, which, however, can display a
very similar chemical reactivity, is given in Fig. 19.

The functional equivalence between the CT excited states of
certain metalloporphyrin photosensitizers carrying a high-valent
metal-oxo moiety and the porphyrin radical intermediate sup-
posed to be critically involved in cytochrome P450 oxidations
has already been recognized several years ago (155). Indeed,
the biological system and the biomimetic photocatalysts display
very similar reactivity patterns. In their electronic ground state,
the light-driven enzyme models could be readily characterized
and studied (3,155). In contrast, despite decades of continuous
efforts, a detailed spectroscopic characterization of the Fe(IV)-
oxo-porphyrin cation radical thought to be the key intermediate
in P450 catalysis has been absent for a long time (153,156).
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Fic. 19. Different ways to introduce oxyl radical reactivity: nature
employs metal bound tyrosyl radicals (19) or high-valent metal oxo
fragments in many active sites (65,153). Nitroxyl radicals such as
2,2,6,6,-tetramethylpiperidin-1-oxyl (TEMPO, 20) are reactive species
used in organocatalysis (154). The excited states of carbonyl functional
groups (21) and metal oxo-fragments (22) display a radical pair charac-
ter, which may become very attractive for biomimetic photoredox
processes upon spectral sensitization (3,5).
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From a mechanistic point of view, the cytochrome P450
enzymes are monooxygenases (150) and therefore they release
one molecule of water in every catalytic turnover. As the oxygen
atom of the formed H>0O molecule is originating from Oy reduc-
tion, it has been tempting to exploit the fundamental principles
of microscopic reversibility and detailed balancing (157,158),
and to photochemically drive the catalytic reaction pathways in
a reverse direction, thus resulting in a novel type of bioinspired
water oxidation process. In fact, it could be shown that the biomi-
metic multielectron transfer photocatalysts described above are
able to induce an OO bond formation at the metal-oxo site with
water as the donor substrate (111). In this context, it is impor-
tant to keep in mind that a quite similar mechanism at a single
metal-oxo site has been proposed for the first step in photosyn-
thetic water oxidation (5,148), which among other possible
pathways becomes more and more plausible with the advent of
the crystal structure of oxygen-evolving photosystem II at an
atomic resolution (149).

B. EMERGING THEORETICAL FRAMEWORKS

Once the required functional features for a certain substrate
transformation have been defined, individual building blocks
such as the structural motifs presented in the previous section
have to be combined in a synergistic manner to create an
operating photocatalytic system. The choice of suitable metal
centers according to their relative atomic energy levels (159),
and the fine-adjustment of the different components organized
in the coordination sphere of the active site is a very crucial stage
of development in biomimetic photochemistry. As already
discussed before, a rough guideline for potentially useful com-
binations of the desired fragments can be derived from electro-
chemical and spectroscopic data, which may serve to predict
the predominant orbital parentage and to estimate the relative
energetic ordering of the lowest excited states (Fig. 6). When
the first experiments at this stage of development have led to
promising results, further optimization of such systems can be
guided by an arsenal of emerging theoretical models and
unifying concepts.

Interestingly, there is a current renaissance of classical bond-
theoretical models which are able to illustrate the crucial molec-
ular features of complex systems qualitatively by an interpreta-
tion of more or less localized fragment orbitals. Straightforward
arguments based, for example, on fundamental aspects of ligand
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field theory or on the interpretation of valence-bond state corre-
lation diagrams turn out to be extremely useful for the discus-
sion and prediction of reactivity patterns such as radical
coupling mechanisms or bond-formation processes between
nucleophilic and electrophilic species (160,161). Such types of
easily generalized models are very important for the rational
design of biomimetic photocatalytic systems, as they are able to
directly connect the elementary reactions occurring between
reactants, products, and CT excited states in an intuitive and
pictorial way (161), which can help to adjust the critical reaction
barriers as described already before (Fig. 11).

With the continuous development of theoretical and computa-
tional photochemistry (162,163), also the available quantitative
tools for predicting light-induced reactivity are improving rapidly.
It is impossible here to cover the immense progress made in this
field comprehensively, and therefore, the reader is encouraged to
consult and follow the relevant literature. As a starting point, we
can only mention a few topics considered to be of prime interest
for bioinorganic photosensitization and photocatalysis.

A lot of valuable information can now be derived from a
detailed computational analysis of excited state potential energy
hypersurfaces. This includes the location of areas where either
an extended touching of two surfaces occurs or surface crossing
regions such as funnels or conical intersections exist (164,165).
Studying not only the minima of these crossing points but also
a broader energetic region along the so-called extended conical
intersection seam (166) allows to shape product distributions
resulting from branching photochemical pathways, and it is quite
clear now that nature makes extensive use of this possibility by
exploiting control and selectivity effects induced by the protein
environment.

The construction of valence-bond state correlation dia-
grams (167) is also a powerful tool for predicting and shaping
critical barriers or describing reactivity patterns in homogeneous
catalysis. This conceptual approach can be readily adopted for
the field of bioinorganic photocatalysis, as low-lying CT excited
states are frequently found to strongly mix with the critical
transition states of bioinorganic reactions (161,167).

Another important trend already mentioned in previous
sections is the increasing attention to angular momentum con-
servation and spin catalysis (Fig. 13). Attempts are now also
made to find analogies between established semiempirical scales
such as the spectrochemical and nephelauxetic series and local
spin-philicity parameters included in calculations using
spin-polarized conceptual DFT descriptors (168).
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The requirement of spin conservation also seems to be
controlling the rates of energy transfer processes, which is
directly relevant for the field of bioinorganic and biomimetic pho-
tosensitization. Recently, it could be shown, for example, that
spin effects can result in significant changes in the rate of Dexter
transfer by up to two orders of magnitude at room temperature
(169). Orbital-specific energy transfer in coordination com-
pounds, occurring preferentially from excited states with a favor-
able dipole orientation, has also been documented (170). These
findings especially should be considered for the optimization of
all kinds of biomimetic and artificial photosynthetic systems
based on polynuclear metal complexes.

Many other important theoretical concepts of paramount
importance for biomimetic photochemistry are still in their
infancy. This includes the strategies to mediate and accelerate
proton-coupled single and multiple electron transfer catalysis
(171-173), and the fundamental aspects of catalytic hydride
transfer and hydrogen tunneling processes (174-176) among
several others.

C. PoorocHEMICAL MODELING OF KEY STEPS

Various basic reaction sequences occurring in biological sys-
tems can actually be simulated and completely replaced by bio-
mimetic model systems containing light-responsive metal
complexes as their active components. Only a few illustrative
examples of this strategy will be given below, which have been
selected according to our own research interests.

C.1. Charge separation

The primary processes in natural photosynthesis involve the
conversion of solar into electrochemical energy (6,8). Light
absorption by antenna chromophores is followed by energy trans-
fer to a reaction center, where the initial charge separation takes
place. Enormous efforts have therefore been made by many
research groups to create artificial photosynthetic reaction cen-
ter models, which are able to integrate light-harvesting and
PET properties in large and complex molecular assemblies
(I177-179). A main goal in this field had always been the forma-
tion and spectroscopic characterization of long-lived charge-
separated states. Coupling of such systems to catalytic sites
where multielectron redox processes can occur, however, was
largely neglected. Nature has solved this crucial problem by
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employing quinone cofactors as the primary electron acceptors in
photosynthetic reaction centers, which helps to avoid unproduc-
tive charge-recombination processes (180).

From a functional point of view, this important property can be
readily built into low molecular weight chromophore assemblies
acting as artificial reaction centers (8). In simple coordination
compounds, the population of CT states is directly related to
the concept of light-induced charge separation in photosynthesis.
Whenever such CT states are photoreactive and lead to the for-
mation of the same kind of permanent redox products as
observed in photosynthesis, the most essential features of the
primary light reactions have been successfully duplicated. In a
more strict sense, this is of course only true, if actinic red or
NIR-light of comparable wavelength is absorbed by both the nat-
ural and artificial photosynthetic systems.

Biologically relevant electron acceptors such as quinones are
able to act as redox-active chelate ligands (181,182). Frequently,
a coordination of these cofactors leads to intensely colored metal
complexes with low-lying CT excited states. With such types of
inorganic chromophores, very simple functional model compounds
for mimicking the charge separation cascade in photosynthetic
reaction centers can be constructed. As an illustrative example
(181), the organometallic rhenium complex 23 carrying a loosely
coordinated 9,10-phenanthrene-quinone (PQ) moiety is presented
here (Fig. 20). The deeply colored compound [Re(PQ)(CO);Cl]
contains a low-valent diamagnetic metal site which can replace
the PET functionality of the primary donor of photosynthetic
reaction centers, which usually consists of a special pair of chloro-
phyll pigments (6). At the same time, this compound carries a
preorganized quinone cofactor, which can mimic the functional role
of the rigidly orientated primary quinone acceptor Qa present in
the PS Il-type reaction centers (180). The very simple biomimetic
system 23 displays a broad and intense CT band in the visible and
NIR-spectral region, which has been assigned as a MLCT transition
(181). Interestingly, the maximum of this band at around 711 nm is
almost coinciding with the NIR absorption features of the recently
discovered cyanobacterial light-harvesting pigment chlorophyll £,
which is now believed to represent nature's best choice to match
the intrinsic threshold wavelength limits required for oxygenic
photosynthesis (95).

C.2. Oxygen activation

Modeling the active site features and the mechanistic key steps
occurring in biological dioxygen activation is one of the most
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Fic. 20. Electronic spectrum of a rhenium(I) carbonyl complex (23)
featuring an optical charge transfer transition at A,,,=711 nm involv-
ing a coordinated quinone acceptor ligand (181).

important topics in biomimetic chemistry (183). Detailed knowl-
edge about O, activation at metal sites opens the scene for highly
selective bioinspired substrate conversions with novel types of
redox catalysts. These properties are highly relevant for many
environmentally benign technological processes using dioxygen
molecules from ambient air as their only oxidant. The investiga-
tion of functional chemical models for critical reaction inter-
mediates involved in bioinorganic redox processes of reactive
oxygen species is therefore of prime interest for bioinorganic
photochemistry.

Nature uses many different types of metalloproteins for the
binding, transportation, and controlled activation of oxygen
(10,13). An extremely versatile catalyst system is present in the
biochemistry of iron-containing heme enzymes (Fig. 21).

The reaction sequence at the heme active site starts with the
binding of unactivated triplet dioxygen forming the so-called
oxy—heme complexes. The iron center in Os-activating heme
enzymes is then thought to be converted into a peroxo anion spe-
cies. It can be protonated to form a ferric hydroperoxo intermedi-
ate usually termed compound 0 (183), which is a crucial reactive
species in catalase and peroxidase enzyme catalysis (Fig. 21).
These hydroperoxo intermediates of hemoproteins are important
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Fic. 21. Typical intermediates in hemoprotein enzyme active sites.
The iron protoporphyrin IX cofactor (heme) forms dioxygen adducts ter-
med oxy-species. In the course of oxygen activation and catalytic redox
transformations, the oxy form can be consecutively converted into
hydroperoxo- and oxo-type intermediates, which are usually referred
to as compound 0, compound I, and compound II. Reproduced with per-
mission from Ref. (183). Copyright Nature Publishing Group.

precursors for more highly oxidized iron—oxygen species which
are formed in the course of an O-O bond cleavage process
starting from compound 0. Among those powerful oxidizing cata-
lyst species are the Fe(IV)-oxo-porphyrin cation radicals referred
to as compound I (756), and the closely related compound II
species (183), which are also acting as very versatile and strong
oxidants (Fig. 21).

Although the knowledge about metal-mediated dioxygen binding
and activation has grown immensely within the past decades, there
are not many examples of functional biomimetic systems which are
able to transfer O-atoms directly from dioxygen to substrate
molecules (184). With only a few exceptions including some copper
peroxo complexes (185), most of the reported model compounds and
active species are only observable and functional at low tempera-
ture, which makes them quite impractical for synthetic oxidative
transformations. Several years ago, we have therefore started to
search for more robust photochemical model compounds that can
be applied in biomimetic dioxygen activation and light-controlled
substrate oxidations under ambient conditions (155).
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For certain reasons described elsewhere in more detail (8,93),
our first choice fell on the combination of tetrapyrrole
photosensitizers including porphyrins or phthalocyanines with
redox-active group 14 and group 15 elements such as tin, lead,
antimony, or bismuth. Close relationships between the electronic
structures of low-valent group 15 metalloporphyrins and the
reduced heme groups of cytochrome P450 and chloroperoxidase
enzymes had already been recognized before by a comparison of
their absorption and magnetic circular dichroism spectra (186).
Functional similarities with the hemoproteins were also
reflected by the facts that the tin complex of protoporphyrin IX
is able to act as an efficient competitive inhibitor of heme
oxygenase (187), and that lead compounds are blocking the natu-
ral metallation process of protoporphyrin IX catalyzed by heme
synthetase (188).

By studying the catalytic properties of a series of antimony(III)
porphyrin complexes in the presence of dioxygen, it could be
demonstrated that the reactivity of these compounds toward O,
activation can be triggered and controlled by light activation
(155). A metal centered sp-excited triplet state of the low-valent
main group metal center has been identified to be responsible
for this photoreactivity. The population of the dioxygen
activating state can be spectrally sensitized by the coordinated
porphyrin antenna chromophores, which allows the controlled
generation of oxy- and hydroperoxo-metalloporphyrin species
with long-wavelength visible light. It could also be shown that
catalytic two-electron photoredox processes involving reactive
metalloporphyrin species with a direct functional analogy to the
hemoprotein compound 0 and compound I intermediates shown
in Fig. 21 are involved in the substrate transformations
catalyzed by these visible light-driven metalloenzyme models.
These compounds, for example, display cytochrome P450 and
chloroperoxidase-type reactivity under visible-light and solar
irradiation (3,155,189,190).

More recently, we have continued to study this interesting
kind of bioinspired photocatalysis and expanded our studies
toward metallocorrole compounds (Fig. 22), as it is well
established that these ring-contracted macrocycles tend to stabi-
lize the formation of high-valent metal complexes (192). This
strategy for the first time in tetrapyrrole chemistry opened the
possibility to create high-valent lead(IV)- and bismuth(V)-oxo
species as potential redox catalysts, which are currently
investigated in our group (191,193). The molecular structures of
the heme compound 0 and compound 1 analogous species 24
and 25 obtained in the course of biomimetic oxygen activation
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Fic. 22. Structures of hydroperoxo- and oxo-derivatives of bismuth
triphenylcorrole photosensitizers (191).

photoreactions of the corresponding bismuth corrole catalysts are
shown in Fig. 22 (191). In this context, it is very interesting to
recall the CT properties of high-valent metal-oxo moieties
(Fig. 19), which could proof to become very versatile tools for
catalyzing the O-O bond formation step in bioinspired artificial
photosynthetic water oxidation schemes (111,193,194).

C.3. Hydrogen atom transfer

Controlled radical reactivity and H-atom abstraction from sub-
strates are common features of many metalloenzymes (112,195).
Photochemical strategies can be successfully applied for
modeling the biocatalytic transformations involving protein
radicals (3,196). For example, one of the possibilities to achieve
CH bond activation of inert compounds under mild and con-
trolled reaction conditions is to create unpaired spin density at
an oxygen atom accessible to the substrate, which should also
be preorganized in the microenvironment of this active site. In
bioinorganic photochemistry, this can be achieved by introducing
oxyl-radical type photoreactivity in low-lying excited states as
discussed in the previous sections (Fig. 19). The fundamental
design criteria for such types of biomimetic systems based on
multielectron transfer (MET) photosensitizers carrying terminal
oxo-functionalities and radical-stabilizing cofactors have already
been described in more detail elsewhere (3,5).
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C.4. Release of bioactive molecules

The selective activation of compounds with potential therapeu-
tic effects and the controlled delivery of bioactive molecules trig-
gered by light are topics of intensely growing interest
(6,197-200). Besides the search for light-sensitive prodrugs
activated by photochemical cleavage, isomerization or
photoredox processes (201-203), especially the release of small
molecules such as NO, CO, CS,, and HsS, have attracted a lot
of interest in the past years (204-208).

Inorganic photochemistry offers all the necessary tools
required for the design and optimization of such systems. The
typical reactivity patterns observed for photoexcited transition
metal complexes can be readily exploited for the controlled deliv-
ery of therapeutically relevant compounds from physiologically
inert precursor species. Such a process was for the first time
described in the nineteenth century, when Haldane discovered
by serendipity that the dioxygen binding activity of inactivated
carboxy-hemoglobin (COHb) was regenerated by the rapid disso-
ciation of CO upon exposure to sunlight (209). Today, the basic
features of inducing this kind of reactivity are very well settled
(210,211), and current research efforts can focus on the optimiza-
tion of the required molecular properties such as bioavailability,
solubility, drug-targeting strategies, and photoreactivity in the
therapeutically reasonable spectral regions including the
improvement of two-photon absorption cross sections or NIR-
photosensitivity. The structures of two recent examples of a pho-
toactivated NO-delivering transition metal complex sensitive to
NIR light (26) and a water soluble organometallic compound
(27) which was tested for the controlled photorelease of CO are
shown in Fig. 23. Efforts in our own group currently focus on
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Fic. 23. Examples of photolabile nitrosyl (26) and carbonyl
complexes (27) that have been suggested for the light-triggered release
of nitric oxide (212) and carbon monoxide (210).
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the sensitization of related CO-releasing molecules (CORMs) into
the red and NIR spectral region to be able to better match the
phototherapeutic window of mammalian tissue (213).

IV. Selected Applications

Despite the obvious versatility of light-activated key steps and
their numerous advantages for the biomimetic modeling of natu-
ral systems, up to now, only very few examples are known, where
such types of photosensitized processes have been successfully
combined to complete reaction cycles with reasonable catalytic
turnovers (6). In the last section, we are therefore briefly
presenting two case studies which describe some recent work
performed in our own group focusing on bioinspired catalytic sys-
tems that can be controlled and driven by visible light.

A. TowaRrD ARTIFICIAL ENDONUCLEASE ACTIVITY

Synthetic compounds able to induce selective damage or scis-
sion of DNA strands in a controlled fashion are of prime interest
for molecular biology and genetic engineering and for the design
of specific diagnostic or chemotherapeutic agents. Therefore,
chemical nuclease mimics have actually been among the first
examples of bioactive model compounds triggered by light (214).
The interactions with DNA or nucleobases observed with most
of these systems, however, are not operating in a catalytic way,
and a reversible regulation of DNA strand cleavage activity with
chemically modified restriction enzymes has only recently been
reported (215). Natural endonucleases are acting as a kind of
molecular scissors which can recognize short DNA sequences
and cut the phosphodiester bonds of the double helix close to
their target sites, which leads to a complete double-strand
cleavage.

Several years ago, we have started to explore the possibilities
of selective catalytic nucleic acid damage and light-triggered
DNA cleavage with bioinspired metalloporphyrin photocatalyts
(216). In this context, the cationic porphyrinato gold complex 28
shown in Fig. 24 was synthesized as a novel type of potentially
tumor localizing electron transfer sensitizer. The choice of the
high-valent central metal and the additional aromatic sub-
stituents was guided by several reasons. First of all, gold(III)
porphyrins were already established as excellent electron
acceptors, which should make their low-lying excited states
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Fic. 24. Structures of cationic gold porphyrins which can bind to
DNA and display photocatalytic nucleobase damage and double-strand
cleavage controlled by visible light absorption (216,217).

well-suitable for an oxidative nucleobase damage involving PET
steps. Further, we speculated about possible synergistic effects,
as the biological activity of gold-based drug compounds had
already been studied for more than one century (218). Indeed,
it turned out in the mean time that gold porphyrin complexes
depending on their detailed ligand structures display several
promising in vitro properties, which seem to indicate a bright
future as drug candidates for variety of therapeutic applications
(219).

The attachment of the pyrenyl substituents in the ligand
periphery of 28 was chosen to supply a functional domain that
could act as an anchor group with a pronounced affinity for
DNA binding and intercalation. This kind of functionalization
of the gold(IIl) porphyrin core structure also introduced novel
excited state levels, which led to the occurrence of additional
intramolecular CT interactions (216). Thus, excitation of the
complex 28 with visible light resulted in a direct optical electron
transfer process generating a charge-separated state with a
pyrenyl radical cation functionality in the molecule periphery
and a reduced gold porphyrin center. The redox properties of this
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excited state opened the possibility of a selective photodamage of
the purine nucleobase guanine (G) under long-wavelength irradi-
ation which should also operate well under hypoxic conditions.
When 28 was irradiated in the presence of nucleobase sub-
strates, a photocatalytic oxidative degradation of guanine could
be demonstrated. A quantum yield of ¢=0.03 measured for
436-nm photolysis and an initial turnover frequency of
TOF=66h"! was estimated for guanine degradation. At the
same time, a maximum number of approximately 700 turnovers
for each photosensitizer molecule was observed (216).

Despite these very interesting photocatalytic properties of the
gold complex 28, this compound still had several disadvantages
such as moderate water solubility and the existence of
atropisomeric mixtures under physiological conditions due to a
hindered rotation of the pyrenyl substituents. Therefore, we
decided to improve some crucial properties of the system and
synthesized the novel gold(III)porphyrin complex 29 (217). This
compound no longer can form isomeric mixtures and exhibits
an excellent water solubility, while keeping one functional
pyrenyl group attached. The presence of four positive charges
leads to a modification of the possible electrostatic interactions
with nucleic acids. Spectroscopic studies revealed that 29 inter-
acts with A-DNA and B-DNA and displays outside binding with
self-stacking to DNA duplexes. The modified gold(III) porphyrin
sensitizer shows light-induced guanosine and 5'-dGMP oxidation
under aerobic and anaerobic conditions. Light-triggered plasmid
DNA nicking and photocatalytic double-strand cleavage of oligo-
nucleotide duplex DNA are possible with this artificial
photonuclease (217). Tumor cell line tests and related studies
on other gold(IIl) tetrapyrrole photosensitizers including
substituted corrole complexes are currently underway.

B. Licur-DriveN MobpEL ENZYMES IN CATALYSIS

One of the most challenging areas in inorganic photochemistry
is to catalyze the synthesis of valuable and energy-rich com-
pounds from abundant raw materials and sunlight. In this con-
text, the development of homogeneous photocatalysts which are
able to completely replace the function of natural enzymes for
synthetic applications is a highly desirable goal (5,18). As one
of the rare examples of such a synthetic model photoenzyme sys-
tem controlled and driven by visible light, we have chosen an
artificial oxidoreductase catalyst investigated in our own group
which has already been described in detail elsewhere (3,6).
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The conception of this functional enzyme mimetic is based on a
combination of several individual key steps already discussed in
the previous sections. A closed photocatalytic reaction cycle in
homogeneous solution could be successfully constructed by cou-
pling a series of complementary functions including bioinspired
dioxygen activation with photoexcited main group metals
(Fig. 22), hydrogen atom abstraction, controlled formation of sub-
strate radicals with photoactivated metal-oxo species (Fig. 19),
and an efficient long-wavelength spectral sensitization of the cat-
alytic system with tetrapyrrole macrocycles acting as robust
antenna chromophores (Fig. 8).

The selective transformation of alcohols into carbonyl com-
pounds with this kind of artificial oxidoreductases has been
directly compared to a series of native enzymes performing
under identical reaction conditions (3). In the dark-adapted form
of the photocatalyst, which is a high-valent antimony porphyrin
complex, the alcohol substrates are already preorganized by
hydrogen bonds in the second coordination sphere of the active
site. The system displays a certain extent of pH-controlled sub-
strate selectivity, which makes competitive secondary reactions
involving the reaction products less favorable. Substrate conver-
sion can be completely switched off in the dark and is readily
regulated by variations of light intensity. The system performs
under very mild reaction conditions at room temperature and
ambient pressure in aqueous solution utilizing dioxygen from
air as a two-electron acceptor. Sunlight or even diffuse daylight
with a threshold wavelength of approximately 600 nm is
activating the catalyst for substrate conversion, which occurs at
a rate of k., =0.05 s~ ! corresponding to a turnover frequency of
TOF=180h ! under AM=2.0 solar irradiation conditions (3).
A product formation quantum yield of #=0.02 has been deter-
mined for monochromatic visible light irradiation at 546 nm.
Gradual degradation of the quite robust photocatalyst occurs
with a quantum yield of ® <3 x 10~ °, which is in a typical stabil-
ity range of natural tetrapyrrole pigments such as chlorophylls
and corresponds to an average turnover number of at least
4000 productive photoredox cycles for each catalyst molecule.

The most significant and surprising result of this proof of prin-
ciple study was the fact that even with such a simple MET pho-
tosensitizer system powered by sunlight, a very promising
biomimetic performance with reaction rates up to three times
higher than that of the natural metalloenzymes catalyzing
exactly the same process in the absence of light could be achieved
(3,5). Further systematic activities heading in this direction are
therefore certainly worthwhile.
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V. Concluding Remarks

Photoreactivity is a common feature of many components of
biological systems and their synthetic functional counterparts.
The important role of inorganic photochemistry and photo-
catalysis as a versatile tool for triggering, driving, and
controlling molecular processes by light will therefore certainly
be further increasing in the near future.

In this chapter, a unifying description of the most important
bioinorganic chromophores and their light-induced properties
has been provided. An attempt has been made to collect some
general guidelines for the rational design of biomimetic and
bioinspired systems based on photoreactive inorganic com-
pounds, which are key constituents of artificial photosynthetic
devices, functional enzyme mimetics, and light-sensitive
reagents for the controlled release of physiologically active spe-
cies. Processes based on this kind of photoresponsive molecules
inspired by nature are of crucial relevance for many cross-disci-
plinary research fields and provide a solid foundation for numer-
ous applications at the borderlines of chemistry, biology, and
medicine (5,6). At present, however, there are only a few
pioneering studies demonstrating the power of this novel
approach, which have already supplied a convincing proof of
principle for the fascinating new research fields of bioinorganic
photochemistry and biomimetic photocatalysis founded about a
decade ago (3,8). We hope that our current review will be able
to stimulate further research efforts in this direction.

Besides novel frontiers in photosensitization and photocatalyis
in the context of bioinorganic systems, the photophysics and
photochemistry of inorganic materials also continues to be the
central discipline in the field of solar energy conversion and
renewable fuel production (87,220). One of the main future
challenges in this direction will be the search for much more
versatile types of photosensitizers with improved properties such
as intrinsic multielectron reactivity and light-absorption cha-
racteristics optimized for solar chemistry. Finally, in the long
run, the construction of more efficient systems for powering pho-
tocatalysis and artificial photosynthetic energy storage has to be
achieved with sustainable, environmentally benign and earth-
abundant building blocks (220,221). An example illustrating the
suggested way to follow (138) is given below (Fig. 25).

The widely applied class of photosensitizers derived from the
tris(2,2-bipyridyl)ruthenium(I) cation [Ru(bpy)s]>" (101) is
based on one of the rarest metals on earth. Many high-valent
compounds of the platinum group metal ruthenium are further
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Fic. 25. Comparison of the sunlight harvesting features of tris(2,2’-
bipyridyD)ruthenium (9) and a copper-based multielectron transfer pho-

tosensitizer (138) carrying a m-acceptor ligand of the BIAN-type (13)
already described in Fig. 16.

regarded as toxic or carcinogenic, and reactions involving ruthe-
nium complexes should therefore be considered at least as
environmentally  problematical. = Moreover, [Ru(bpy)s)®*™
derivatives absorb only a limited share of the photochemically
relevant region of the solar spectrum, and the photoinduced pri-
mary processes of such compounds are typically limited to one
electron chemistry, which requires further coupling to other
redox-active components acting as mediators for multielectron
transformations (173).

In contrast, bioinspired compounds such as the copper diimine
complex shown in Fig. 25 have been suggested as a versatile and
readily tunable alternative to conventional sensitizers used
today for various photocatalytic applications, artificial photosyn-
thetic devices, and dye-sensitized solar cells (138). It combines
some of the highly desirable features such as long-wavelength
absorption well adapted to the solar spectrum and intramolecu-
lar coupling of the low-lying excited states to an acceptor ligand
providing a preponderance for multielectron reactivity. Further,
the compound exclusively consists of abundant and environmen-
tally benign building blocks including a biocompatible redox-
active transition metal.
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The current state of the art in inorganic photochemistry
already offers a large number of possibilities for the development
of such alternative approaches. Additional inspiration from natu-
ral systems collected in the novel field of bioinorganic photo-
chemistry will certainly lead to further valuable input in this
direction. Many other important aspects of biological systems
such as the development of self-repair mechanisms to assure a
prolonged catalyst lifetime or the control of the microenviron-
ment of active sites by second coordination sphere interactions
should also be considered to create robust, selective, and environ-
mentally benign photosensitizers and photocatalysts (3,5).

One of the most fascinating aspects of the photochemical
approaches in biomimetic chemistry presented in this review is
that abiotic reagents are able to accelerate the same overall
reactions as biocatalysts in a very promising way. This type of
chemistry might even allow to develop systems “realizing pro-
cesses that enzymes do not perform while displaying comparable
high efficiencies and selectivities” (222). In the context of artifi-
cial photosynthesis and solar fuel production, scientists are now
collaborating to find out if they can “beat nature at her own
game” (223). Bioinorganic photochemistry has already set the
stage for this demanding goal, and we are looking forward to
the photochemistry of the future (224).
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ABSTRACT

The role of photocatalysis by transition metal complexes in the
environment is reviewed, and its influence on composition of the
environmental compartments, transport between them, and activa-
tion of the environmental self-cleaning behavior is characterized.
In description of atmospheric processes, the attention is paid to
coordination compounds as photocatalysts of the transfer and redox
reactions of nitrogen oxides. In the case of hydrosphere and soils,
various mechanisms of organic pollutant photodegradations are
presented in which the iron, copper, and chromium complexes play
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crucial roles. Mono- or mixed-metal photocatalytic cycles are
stimulated, in which the complex photoreduction is accompanied
by oxidation of ligands and/or external molecules (sacrificial elec-
tron donors), whereas the sacrificial acceptor, closing of the
photocatalytic cycle, is predominantly molecular oxygen. The self-
cleaning mechanisms by photocatalysis and photosensitization
apply also to organic matter included in microorganisms, thus they
can lead as well to the environmental self-disinfection. The review
shows fast progress in our understanding of the natural processes
driven by the solar energy and catalyzed by transition metal
complexes; treating the cycles as anti-photosynthesis is also
discussed.

Keywords: Environmental homogeneous photocatalysis; Photore-
duction of transition metal complexes; NO-carriers;
Photodegradation of organic pollutants; Photocatalytic cycles
stimulated by iron, copper and chromium complexes.

I. Introduction

The metal reservoirs are lithosphere and deeper Earth shells.
The presence of metal species in the atmosphere and hydro-
sphere, and their migration between the environmental com-
partments, depend predominantly on the nearest surroundings
and especially on ligands present in their direct neighborhood.
Metal oxidation state and ligand nature belong thus to the most
important factors controlling metal transport in the environ-
ment. The best illustration of this relation can be seen in mer-
cury transport from the solid phase (e.g., in the form of HgS or
HgyCl,) to the hydrosphere (e.g.,, as HgCly) and atmosphere
(e.g., as Hg(CHj3), or Hg). Other examples can be chromium com-
pounds, which are composed of mobile and water-soluble CrO,*~
anions, or sparingly soluble hydroxo and macrocyclic complexes
of Cr(ITI). A similar difference in solubility is observed between
Fe(III) and Fe(II) compounds.

The role of photochemistry in nature is difficult to overesti-
mate especially when we consider conversion of solar energy into
the chemical energy in natural photosynthesis or ozone produc-
tion, which protects the Earth from hazardous UV radiation.
Much less is known about the role of sunlight in environmental
self-cleaning processes.

The latter processes are stimulated by transition metal com-
pounds and mostly by iron, copper, and chromium complexes,
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which solar photoreduction is of crucial environmental relevance
because it is accompanied by organic pollutant oxidative
degradations. The compounds existing or formed in the environ-
ment are able to remove or at least abate a lot of natural and
anthropogenic pollutants, even those which are nonbiodegrad-
able and persistent.

II.  Environmental Matter Under Sunlight Impact

The composition of environmental compartments undergoes
continuous changes, the main driving force of which is solar radi-
ation. The most spectacular changes are brought about by photo-
synthesis, which is beyond the subject of this chapter. However,
beside photosynthesis a variety of photochemical processes are
observed in nature that results in the removal of many diverse
substances, in particular superfluous, degraded or even harmful
organic compounds.

The reactivity is influenced both by radiation and chemical
factors. In the former case, all parameters controlling sunlight
intensity and spectral range are important, such as intensity of
solar emission, altitude, latitude, season, day-time, etc. The chem-
ical factors originate from the characteristics of the substrate and
its surroundings. The relevant substrate features consist of spec-
tral fitting to the solar light, chemical reactivity at low energetic
excited states and high enough quantum yields. More complex is
the influence of the surroundings; for instance, dispersed matter
in the atmosphere favors photodissociation processes, whereas
the clay layers provide reaction fields which stabilize charge-
separated species generated in the photoredox processes (1).
In many cases, however, the effect is much more drastic: chro-
mate(VI), for example, in neat aqueous solution can be stored in
glass or quartz bottles without any decomposition induced by
sunlight; when, however, in aqueous milieu, where electron donors,
such as aliphatic alcohol, phenol, and its halogen derivates or
oxalate, appear (2) — photoreduction of chromate(VI) is observed,
leading to formation of the corresponding Cr(III) complex.

The photochemical reactions induced by sunlight are of essen-
tial relevance to pollution abatement only when they lead to oxi-
dative degradation of waste organic material. This can be done
either through direct or indirect photoredox reactions. The direct
photodecomposition of organic pollutants under sunlight is not
very common and applies mostly to aromatic compounds. Much
more common is indirect photoreactivity in which solar light is
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absorbed by a photosensitizer or photocatalyst and transferred to
the substrate molecule.

Due to sunlight energy that is limited at the ground level to

£<415 kd/mol (1>290 nm), only unique organic substrates (S)
are able under these conditions to undergo photoconversion into
products (P):
S hv(sunlight) ‘g, P (1)
The Cr(VI) example quoted above illustrates, however, that
besides the monomolecular also bimolecular photoprocesses are
effective:

hv(sunligh
g Prlunligh) .o Q p 2)

where @Q represents a molecular entity that deactivates
(quenches) an excited state of the substrate molecule, either by
energy transfer or electron transfer or by a chemical mechanism.

Moreover, photosensitization processes are observed in which a
reaction of a nonabsorbing substrate is induced by energy trans-
fer or electron transfer from an excited light-absorbing photosen-
sitizer (Sens):

nligh
Sens MY wgons S p (3)

The electron transfer sensitization is called reductive or oxida-
tive, depending on the action of the excited sensitizer as electron
donor or acceptor, respectively. Photosensitization may be
treated as one branch of the more general family of catalytic

reactions called photocatalysis, which involves light absorption
by a catalyst precursor (pC) or by a substrate:

pc hv(sunlight) CiP (4)
S hv(sunlight) *SgP (5)

Photocatalysis includes various reactivity types which may be
divided into two categories depending on the role of light on: (i)
photogenerated catalysis consisting of reactions catalytic in pho-
tons and (ii) catalyzed photolysis, in which processes are non-
catalytic in photons (Fig. 1).

The photoinduced catalytic reactions in which both light and
catalyst are not consumed, are of importance in organic syntheses,
but are of minor significance in environmental chemistry. Much
more important are those in which the solar energy is consumed
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Photocatalysis

/\

Photogenerated catalysis Catalyzed photolysis
(Catalytic in photons) (Non catalytic in photons)
Catalyst precursor pC L = / \
— CatalystC —E—»P ) _
ey Photocatalyst absorption Substrate absorption
reaction Substrate R™» R*Cw P
Catalyzed photochemical
reaction
Photoinitiator precursor pC’'-s Photosensiter Sens —= Sens*
— Photoinitiator €’ —8—= P B e
| Photoassisted reaction | /R* Rt(\'ém
P P +D'IA

Fic. 1. Classification of photocatalysis.

and is the main driving power of environmental reactivity. Among
catalyzed photolysis those reactions that follow substrate absorp-
tion are limited mainly to those cases when solar radiation
induces photodegradation of a pollutant that is enabled or
accelerated by some natural or anthropogenic catalyst.

The most essential pathways of pollutant photodegradation
start from photocatalyst absorption followed by photosensitization
or photoassisted reactions. The former consists in the energy or
charge transfer from an excited photosensitizer to the substrate
(quencher) molecule, whereas the latter results in generation of
a “catalyst for one cycle,” called photoinitiator. To guarantee the
continuity of the charge transfer reactions both photosensitizers
and photoinitiators should be recycled; the common practice is
their regeneration by means of adequate electron donors and/or
acceptors. These are not restored in a subsequent redox process
but destroyed by irreversible chemical conversion; thus they are
called sacrificial donors and acceptors, respectively.

The most common sacrificial electron acceptor in the environ-
ment is molecular oxygen, whereas the main sacrificial donors
are organic compounds. In consequence, the self-cleaning pro-
cesses consist in oxidation of organic pollutants by molecular oxy-
gen in its triplet ground state; the reactions are driven by energy
from solar radiation. In nature, many different photoinitiators or
photosensitizers are reactive, but the most common environmen-
tal photosensitizers include humic substances (HS), whereas the
best photoinitiators are transition metal complexes.
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Coordination compounds are known for their photochemical
properties, which may result in  photodissociation,
photosubstitution, photoisomerization, photoreduction, or photo-
oxidation, for example (3). In addition to inner-sphere
rearrangements, the complexes in excited states are susceptible
to transfer their energy or charges into other species, such as sol-
vent molecules, ion-pair partners, and other nonbonded
quenchers.

Photoreactions can change forms and the physicochemical
behavior of coordination compounds and thereby are responsible
for transition metal transport between the environmental com-
partments. Some of these photoreactions are also of significance
in natural cleaning: to ensure continuity of the processes, cata-
lyst reproducibility should be guaranteed, that is, the relevant
photoreactions should belong to the photocatalytic family.

lll. Effect of Complexation and Photochemistry on Composition of
Individual Compartments and Transport Between Them

A. RoLE oF NATURAL CHELATING LIGANDS

One of the most important agents controlling metal transport
and their function in nature are chelating and macrocyclic lig-
ands. The former are ubiquitous in the environment coming from
both natural and anthropogenic sources. Their main natural
reservoirs are HS or natural organic matter, widespread existing
in water or soil environmental systems. These are heterogeneous
mixtures of a variety of organic compounds, consisting of aro-
matic, aliphatic, phenolic, and quinolic functional groups with
varying molecular sizes and properties. HS arise from decompo-
sition of plant and animal tissues in soils, waters, and sediments,
which cannot be classified as any other chemical class of com-
pounds. Humic materials consist of a skeleton of alkyl or aro-
matic units cross-linked mainly by oxygen and nitrogen groups
with the major functional groups being carboxylic acid, phenolic
and alcoholic hydroxyls, ketone, and quinone groups. Their size,
molecular weight, elemental composition, structure, number,
and positions of functional groups vary depending on the origin
and age of the material. According to their solubility, HS are
divided into fulvic acids, humic acids, and humins. The
structures of fulvic acids are somewhat more aliphatic and less
aromatic than humic acids, and fulvic acids are richer in carbox-
ylic, phenolic, and ketonic groups. This composition is
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responsible for their higher solubility in water at all pH values.
Humic acids, being more aromatic, become insoluble when the
carboxylate groups are protonated at low pH values. This struc-
ture allows the humic materials to function as chelating ligands
with the ability to bind various metal centers (4). The effective
distribution of metal ion affinities for binding to a HS measured
under typical freshwater conditions showed that the three
groups of cations could be distinguished: (a) Al, H, Pb, Hg, and
Cr, which are preferentially bound to the phenolic sites of the
fulvic ligand; (b) Ca, Mg, Cd, Fe(Il), and Mn, which display a
greater effective affinity for carboxylic sites; and (¢) Fe(III), Cu,
Zn, and Ni, for which phenolic and carboxylic distributions
overlap (5).

Complexation in combination with detergent and colloidal pro-
perties, make humic and fulvic materials, effective agents to
transport both inorganic and organic contaminants in the envi-
ronment. Organic contaminants that are associated with HS
are essentially unavailable for uptake by biota, but these natural
organic acids can enhance or retard the photochemical decompo-
sition of waste or toxic organics. Consequently, dissolved organic
matter (DOM) can either enhance or inhibit the rate of
photodegradation of organic contaminants in water basins and
thus the effect of HS on photodegradation of organic con-
taminants on soil surfaces is broadly investigated (4).

The HS found in most natural waters absorb solar light in the
range 300-500 nm, and upon laser (355 nm) excitation three pri-
mary transient species were detected: triplet state (*HS),
hydrated electron (e hyar), and radical cation (HS*"):

3HS

hv ., / (6)

1H§ ——> *HS
\

The results of steady-state irradiation suggested, however, that
hydrated electrons are mostly trapped by molecular oxygen and
their role in sunlight-irradiated natural surface waters is likely
to be minor. Thus, the main species responsible for the photoin-
duced degradation of aquatic pollutants are triplet excited states
of HS. The triplet state lifetime was estimated as longer than
2 us with an energy of 170 kJ mol~ ! (6). These parameters are
adequate to generate the excited singlet O, state (lAg or 1Eg),
first of which is relatively low lying (94 kJ mol ') and thus can
be easily populated by the energy transfer from the triplet states

ot -
HS®™ + ehydr
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of most dyes; the second 02 singlet state (1Zg) is more difficult to
reach (157 kJ mol~ '), but is much more reactive.

The HS may react with triplet O, or with an oxidizable reac-
tant by energy, hydrogen or electron transfer reactions (Fig. 2).
Direct reactions between >HS and organic substrates seem less
favored since the triplet state reaction with oxygen is very effi-
cient (7). The quantum yield of singlet oxygen production deter-
mined at 365 nm as 1-3%, depends strongly on the irradiation
wavelength and the HS nature (6).

Moreover, due to the extremely short 'O, lifetime in water
(4 ps), the competing reaction rate constants should be at least
2 orders of magnitude higher than that of solvent quenching
(2.3x10°s™ 1) (8). Furthermore, singlet oxygen (*A) was found
to be quenched not only by water molecules but also by HS.
These characteristics make the steady-state concentratlon of sin-
glet oxygen in natural waters of the order of 10~ '3-10~'* and
thus can oxidize only the most reactive acceptor molecules, such
as tryptophan (3-indolylalanine, C¢H,NHCHCCH,CH(NH,)

.|

COOH), histidine (CgHgO3N3), phenolates (C¢H;0M) (9).
Photosensitized oxidations by molecular oxygen are however
important because of their impact on living organisms. It is
known that, microorganisms and other living cells can be killed
in the presence of light, molecular oxygen, and sensitizing dye.
Moreover, some of the anthropogenic hazardous organic
pollutants can undergo degradation photosensitized by HS. To
this group belong both pesticides and herbicides, such as DDT
(dichloro-diphenyl-dichloroethane) (10), atrazine (2-chloro-4-(eth-

ylamino)-6-(isopropylamino)-s-triazine) (11), different
1
02 —R> R,
02 OE OX
3Hs*
R R
0,

R ——— ROX

RH

Fic. 2. Reactions of humic substances in the excited triplet state
with molecular oxygen and with organic reactants.
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organophosphorus pesticides (12), and irgarol 1051 (2-met-
hylthio-4-terbutylamino-6-cyclopropylamino-s-triazine) (13).

HS form thermally stable complexes with transition metals,
among others with iron and chromium. On irradiation the Fe
(IIT) complexes undergo photoreduction producing Fe(II) and
organic radicals (6,14).

B. INVOLVEMENT OF ANTHROPOGENIC AGENTS

Among anthropogenic chelating agents the most ubiquitous in
the environment are aminopolycarboxylates and phosphonates,
which, unfortunately, are not or only slowly biodegradable and
are therefore rather persistent in the environment. Strong che-
lating agents occur in natural waters predominantly in the form
of metal complexes; they have thus the potential to upset the
natural speciation of metals and to influence metal bioavailabil-
ity. High concentrations of chelating agents may lead to the
remobilization of metals from sediments and aquifers, conse-
quently posing a risk to ground and drinking water (15).

Coordination to a metal affects not only the compound solubil-
ity but also changes most of the metal and ligand features.
Among others, coordination affects essentially the photochemical
behavior. Ethylenediaminetetraacetic acid (edta) for example,
which concentration in European surface water is higher
than any other identified anthropogenic organic compound, is
resistant to chemical, photochemicali and bio-degradation in
the environment. However, when edta® is coordinated to Fe(III)
or Cr(III) it undergoes efficient solar photodegradation (16-18).
This case illustrates the role of complex formation in the
photochemical self-cleaning processes.

IV. Transition Metal Photochemistry in Conversion of
Some Atmospheric Gases

The atmosphere is a complex medium in which several phases
coexist: gas, aerosol particles, condensed water, liquid, and ice
particles. All of the interactions that may occur between these
various phases are included in the term “multiphase or heteroge-
neous chemistry.” Clouds favor the development of atmospheric
multiphase chemistry, as they are composed of all three atmo-
spheric phases (i.e., gas, liquid, and solid phases that stimulate
a full set of reactions). Moreover, clouds modify radiative pro-
perties by diffusion of short-wavelength radiation coming from
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the sun, absorption or diffusion infrared radiation emitted by the
terrestrial surface, as well as by increase in the albedo of the
Earth/atmosphere system (19).

In an effort to understand atmospheric chemical and photo-
chemical behaviors, chemists have traditionally examined homo-
geneous gas-phase radical (mainly OH®) reactions of natural and
anthropogenic pollutants. In subsequent studies the role of mul-
tiphase chemistry within the atmosphere was taken into
account. Thus, although in general the homogeneous gas-phase
model has been successful, some observations suggest that other
pathways exist that may contribute significantly to the overall
mechanism. These observations include processes occurring
within cloud droplets or raindrops or layers at the surface of ice
crystals, inside which the photochemical reactions are much
stronger than in interstitial air. Among others, in atmospheric
waters beside the OH® radicals, also superoxide radical ions,
05°7, are active in redox reactions: they can be the dominant
source of transition metal compounds at low oxidation states
(e.g., Cu(l)), whereas hydroperoxyl radicals, HOO®, or organic
peroxyl radicals, ROO®, can be involved in oxidation of reduced
forms of metals such as Cu(I) or Fe(II) (20).

The role of multiphase photochemistry in the atmosphere needs
to be evaluated, especially as surface of metal oxide particles and
other solid aerosols exceeds by far the total surface of the globe.
Atmospheric photochemistry, which alters dust properties, may
influence atmospheric metal cycling. Mixing of mineral dust with
acid aerosol in result of coalescence processes within clouds may
be an important mechanism of increasing the solubility of atmo-
spheric iron in cloud water and photochemical reduction of iron
(IIT) to iron(II) during the long-range transport of particles. Thus,
the mobilization of metals might be strongly dependent on the his-
tory of the aerosol particles in the atmosphere. Consequently, we
can assume that iron probably undergoes repeated cycles of very
rapid Fe(ITI) photoreduction and slower Fe(II) oxidation on a time
scale of a few minutes (19). Photolysis plays a similar role in atmo-
spheric pathways of copper compounds.

A. VoratiLE OrGanic COMPONDS

The described processes result in changes in the atmospheric
composition, which can be observed in the case of trace gases,
such as volatile organic compounds (VOCs), sulfur oxides, nitric
oxides, etc.
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Aromatic, olefinic, and acetylenic hydrocarbons, but especially
saturated hydrocarbons belong to persistent pollutants difficult
to eliminate from the troposphere. The only exceptions are some
aromatic compounds that undergo direct photodegradation in
result of solar irradiation. Alkanes are undoubtedly much less
reactive than other organic compounds including unsaturated
hydrocarbons, surely because they are more completely
saturated and their activation involves cleavage of the relatively
strong C—H bond (=415 kJ).

The C—H bond can be activated by a metal complex, particu-
larly when the complex plays the role of -catalyst or
photocatalyst. The reactions of hydrocarbons with metal
complexes occur at low temperatures and can be selective. There
are different pathways for C—H bond activation: (i) by low-
valence metal complexes, (ii) by high-valent metal-oxo com-
pounds, (iii) by molecular oxygen and oxygen atom donors, (iv)
by biological oxidation, or (v) by photocatalytic enhancement
@1).

The cleavage of the C—H bond by direct participation of a
transition metal ion proceeds via an oxidative addition mecha-
nism or an electrophilic substitution mechanism. Metals in low
oxidation states undergo oxidative addition while high oxidation
state metals take part in electrophilic substitutions. Another
function of the metal complex in these reactions consists of
abstracting an electron or a hydrogen atom from the hydrocar-
bon, RH. The RH*" radical ions or R® radicals which are formed
then interact with other species, such as molecular oxygen which
is present in the solution or in one of the ligands of the metal
complex (21).

To the main metal-containing systems which are capable to
react with hydrocarbons and other C—H compounds belong also
those producing the OH® radicals, as Fenton and photo-Fenton
reagents (see Section V.A.1). Other strong enough oxidizers
may be generated as result of sunlight excitation of some transi-
tion metal complexes. For example, cyclohexene (CgHio) was
reported to undergo photochemical oxygenation by Ru
(ID—-porphyrin complexes chemically activated upon visible light
irradiation (22).

Some diverse VOCs (halocarbons, isoprene (CHy;C(CHsj)
CH3,CH;), monoterpenes, ethanol, and methyl tert-butyl ether,
(CH3)sCOCH3)) were found to be photooxidized efficiently on
solid aerosols. Solid photocatalyst particles, such as TiOy, ZnO,
and Fey;03, were here of special importance, but the VOC oxida-
tion was photoassisted also by dessert sand, volcanic ash, or even
by chalk particles (23-25). Similarly, sulfur dioxide was found to
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be photooxidized to S(VI) species on an aqueous suspension of
Fey03 (20,26) as well as by means of oxidants produced in nature
by transition metal compounds (27).

B. NITROGEN OXIDES

VOCs react readily with nitrogen oxides especially under
favorable atmospheric conditions (intensive sunlight, high
humidity, oxygenation, presence of transition metal species,
etc.). To date, only few of the reactions are recognized, but the
results of extensive studies focusing on the reactivity between
NO, and the VOC parent compounds in various biochemical sys-
tems are accessible and may be useful in solving environmental
problems; thus, the most relevant of these experiences are pres-
ented in this chapter.

Nitrogen oxides (NO, NO,) belong to the most important spe-
cies active in tropospheric photochemistry, whereas N,O is not
degradable in the troposphere and undergoes photodegradation
only in higher atmospheric parts, where more energetic
(A< 250 nm) UV radiation is available. Nitrogen monoxide plays
an important role in the formation of ground-level ozone in
highly populated areas, and in acid depositions. NO is emitted
by various anthropogenic and natural sources, such as fossil fuel
combustion, biomass burning, lightning, microorganism activity
in the soil. Nitric oxide (NO) is also naturally generated from
the amino acid arginine (CgH;4O3N4) in the reaction catalyzed
by an enzyme called NO synthase. In the atmosphere, NO is con-
verted fast to NO, by O3 and peroxy radicals (HO5®, RO5®, where
ROy®* represents peroxy radicals derived from VOCs).
NO, dissociates to NO and O(’P) by exposure to solar radiation
(1<420 nm):

NO, 2 NO + O(°P) (7)

O(®P) combines rapidly with an oxygen molecule to form ozone
and in this way NO, is the most important precursor of Oz in
the troposphere. NO and NOs interconvert in a few minutes. In
daytime, the lifetime of NO, in the lower part of troposphere is
typically 1-2 days and is determined by the oxidation of NO,
by the OH® radical to produce nitric acid:

NO; + OH®* + M — HNO3 + M (8)
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and by the reaction between NOy, and O3 in which the NO3® radi-
cal is formed that is a key compound in nighttime atmospheric
chemistry. NO3® reacts with various VOCs and oxidizes them
rapidly (28).

NO forms complexes with almost all transition metal ions and
these compounds have unique physical and chemical properties
imparted by the presence of the strongly electron-withdrawing
NO ligands (29). The reactions of NO play an important role in
environmental and biological processes, since they are
implicated in a number of diseases coupled to its over- or under-
production. Transition metal complexes can be both efficient NO-
scavengers and NO-donors, and thus belong to the important
agents capable of regulating the NO-level in nature. The most
characteristic feature of the interaction between NO and metal
complexes is the redox character of nitrosyl complex formation
accompanied by reduction or oxidation of the metal center and
coordination of the NO" or NO™ ligand, respectively. This is
related to the unique dual nature of the NO molecule that can
act as a ligand and/or as a redox partner due to its radical char-
acter in the ground state. As a consequence, NO is formally
oxidized to NO™ by the metal ion that is reduced by one electron
(reductive nitrosylation) as in met-myoglobin, where the Fe!ll
center binds NO in the form of Fe"—NO®. The reaction of
reduced vitamin Bﬁf with gaseous NO to give Co'' bound to NO
in the form of Co™"—NO™ represents an example of oxidative
nitrosylation (30).

Redox-active metal ions may assist in the nitrosylation of
organic substrates such as alcohols, amines, and thiols:

NO+M"" +E—-H—E—-NO+ M"Y+ 4 H (9)

where E=RO, RyN, RS. In such reductive nitrosylation
reactions, NO is formally oxidized to NO" by the metal ion that
is reduced by one electron (31).

NO is a fascinating diatomic radical in the context of coordina-
tion chemistry due to its notorious non-innocent behavior in
transition metal complexes. For example, NO adducts of ferrous
iron complexes could have electronic structures that vary all
the way from a Fe(I) —NO™" to a Fe(III) ~NO™~ extreme with the
Fe(II)—NO (radical) case being intermediate. This distinction is
significant, as it can be expected that NO*, NO (radical), and
NO™ will show very different reactivities. However,
characterizing the exact electronic structures of transition metal
nitrosyls is difficult, which led to the establishment of the famous
Enemark—Feltham [Fe—NOJ]* notation (the superscript x
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corresponds to the total number of (d+7n*NO) electrons) that
allows for a general classification of transition metal nitrosyls
without the need to define an exact electronic structure. Another
complication of the coordination chemistry of NO is that many
transition metal complexes catalyze the oxidative or reductive
transformation of NO into other NO, species, most prominently
nitrite (NOy ™), nitrate (NO3™), hyponitrite, nitrous oxide (N50),
or HNO (32).

NO release takes place in the redox reaction backward to the
synthetic procedure induced thermally by UV/visible or even by
near infrared (NIR) radiation. There is also a possibility of the
gaseous NO release by a homolytic cleavage of the N—O bond
in some nitrito complexes.

[L,MONO] ™ [L,,MO] + NO (10)

Such a behavior was observed in the case of the [M(TTP)(ONO)]
complexes of Mn(III), Cr(III), and the Mo(TPP)(O)(ONO) complex
of Mo(V) (TPP =tetraphenylporphyrin) (33).

The special role of transition metal NO complexes, or metal
nitrosyls, in the environment consists in the photoreversibility
of NO binding, as consequence of which the compounds are sig-
nificant photocatalysts enabling NO cycling (34,35). Moreover,
NO is one of the most important signaling and regulatory mole-
cule in all animal and plant organisms. In contact with biofluids,
a main sink for NO occurs through the very fast reactions with
oxymyoglobin, oxyMb, and oxyhaemoglobin, oxyHb, giving
NO;s;™. Also bio-relevant is the use of the so-called NO-donor
drugs: N-hydroxyurea ((OH)NHCONH,), hydroxylamine
(NH;OH), sodium nitroprusside (Nay[Fe(CN)sNO]), organic
nitrates and nitrites (first of all glyceryl trinitrate, C3sH5(ONO)3),
etc., which must be metabolized in the body through oxidative or
reductive processes up to NO generation in order to be rendered
physiologically active (32,36—40).

B.1. Iron NO complexes

Most of the target receptors of NO contain iron centers (34).
This behavior illustrates the important role of iron complexes
in the binding, storage, transport, and release of NO, species in
biological and environmental processes, controlling the local
atmospheric nitrosity.

It is known since long that aqua complexes of Fe(II) are able to
bind gaseous NO producing reversibly nitrosyl complexes:
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[FeLs(H;0)]*" + NO~[FeLs(NO)>" + HyO (11)

The overall binding constant Kno representing the ratio of the
rate constants for the “on” and “off” reactions, that is,
Kno=Fkon/koss, was found to depend on the nature of L. It varied
between 1x 10% (for L=H50) and 1x10° M~ ! (for Ls=edta*")
(30,41). The tendency of the Fe!' compounds to reversibly bind
NO was reported to correlate with the oxygen sensitivity of the
Fe' complexes, suggesting that [FeL5(NO)] is stabilized in the
form of [Fe™Ls(NO7)] similar to that found for the binding of
dioxygen, viz., [Fe''L5(057)].

Iron complexes are involved in various steps of NO metabo-
lism; most of these complexes also contain various sulfur ligands.
Iron nitrosyls and nitrosothiols are the most relevant agents
responsible for storage and transport of NO and related com-
pounds; nitrosothiols and metal nitrosyl complexes belong to
the most important external sources of NO (NO-donors) (42).

The most complex interactions are observed in ternary
iron—sulfur-nitrosyl systems. Depending on the bond nature,
the ternary iron—sulfur—nitrosyl species may be classified into
two groups: (i) iron complexes with the S-nitrosothiol ligand con-
taining the [Fe—N(SR)O] moiety and (ii) RS—Fe—NO com-
pounds, where both NO and sulfur are coordinated to the Fe-
center. Irrespective of the structural details, the mutual
interactions of all components are very strong due to consider-
able bond delocalization within both ternary systems.

The iron—sulfur clusters constitute an integral part of several
natural structures occurring in a large family of biologically rele-
vant metalloproteins. These [Fe—S] units form active sites of
enzymes, which play a crucial role in living organism processes
such as: electron transfer chain, photosynthesis (photosystem 1),
isomerization, respiratory chain, nitrogen fixation, and many
various catalytic reactions; they can also operate as biosensors
for oxidants and iron. The [Fe—S] clusters are even supposed to
be the interface between the biological and inorganic worlds,
because they catalyze redox transformations of such likely compo-
nents of the Earth's primordial atmosphere, as Ny, CO, and Hs.
The iron—sulfur units form mono-, di-, tri-, tetra-, and hexanuclear
species in which iron atoms are connected through S bridges, with
thiolates and/or NO as terminal ligands.

The family encompasses species like [Fes(po-S)o(NO),
(known as Roussin's red salt), [Fes(lo-SR)2(NO),] (Roussin's red
salt ester), [Fes(us-S)3(NO);]~ (Roussin's black salt), [Fe,(us-
S)4ANO)], and [Feg(us-S)g(NO)g]. Two of these complexes,
[Fey(13-S)3(NO);l~ and [Fes(us-S)4(NO)4], have been studied as

17~
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possible  thermal- and  photoinitiated precursors of
nitrovasodilators and anticancer agents. Experiments in various
biological systems showed that light strongly enhances their
vasodilatory and cytotoxic properties, and the biological activity
of the clusters strongly correlates with the generation of
NO (41,42).

Special attention was also paid to understanding the basic pro-
perties and reactivity patterns of the dinitrosyl iron complexes
and Roussin's red salt esters, and to resolve the mechanism of
their biological functions and NO emission (43-47). The quantum
yield of NO release from [Fes(us-SR)2(NO),] under visible light
irradiation can be considerably enhanced by incorporating into
the ester a proper chromophore; then single- or two-photon pro-
cesses were observed (46,48,49).

Experimental work in model systems supplemented with theo-
retical investigations proved that the main photoreaction mode
of Roussin's black salt is a photoredox reaction leading to gener-
ation of NO and a Fe(II) compound. The n*NO-d transitions
were assumed to be responsible for the photochemical reactivity
of these compounds, which result in photodissociation of the
NO group (33,36,50-52). It has been found, however, that irradi-
ation of [Fe4(u3-S)3(NO);]~ in the presence of S?~, thiolate anions
or other S-nucleophiles produces Fe(III) species and N5O,
instead of NO (53).

From biological and medical aspects, the primary targets for
NO in bioregulatory functions are metal centers, chiefly heme-
and nonheme iron proteins (33,41,54-57). A fast reaction with
its biological targets would be necessary for NO to serve as an
effective regulatory agent at the submicromolar concentrations
found in vivo. This is indeed the case for the reaction of NO with
the ferroheme enzyme soluble guanylyl cyclase for which
kon=14x103M s ! (277K) (41). The rates tend to be very
fast when the NO ligand enters a previously unoccupied coordi-
nation site or substitutes a very labile leaving group like the
H,O0 ligand.

Detailed kinetic and mechanistic studies on the reaction
between NO and metmyglobin (Mb(III)) using laser flash photol-
ysis and stopped-flow techniques, demonstrated the reversible
binding of NO:

[metMb(H20)] + NO~ [metMb(NO)] + HyO (12)

From a mechanistic perspective, the nitrosyl complex of
metmyoglobin is of particular interest because both association
and dissociation of NO are conveniently observable under
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physiological temperatures and pH (54,58). In the reaction of NO
with oxymyoglobin, an iron(III)-nitrato complex was identified
as the millisecond intermediate (59).

NO reacts with both ferric and ferrous centers in hemoproteins
to form the respective iron(II) and iron(III) nitrosyl adducts,
whose structural features are similar to those observed for iron
(II) and iron(IIT) porphyrin nitrosyls. These analogies are also
reflected in similar chemical reactivity observed for nitrosylated
ferri- and ferroproteins and their respective porphyrin models.
For example, NO-adducts of Fe(IIl) undergo reductive
nitrosylation in the presence of an excess of NO, and a similar
process is commonly observed for synthetic Fe(III) porphyrins.
The first step of this reaction involves nucleophilic attack of
OH™ on the nitrosyl ligand coordinated to the iron center, as
presented in reaction (13) (33,60):

[(porph)Fe — N = O] + OH™ ~ [(porph)Fe — N = O.H] —
[(porph)Fe] + HONO

The reversible reaction of NO with water-soluble iron(III)
porphyrins proceeds via a dissociative mechanism (41,61).
Kinetic and mechanistic studies on the reductive nitrosylation
as a function of pH, revealed a significant decrease in the rate
of NO binding to [(porph)Fe'(OH)] as compared to that of
[(porph)Fe™(H,0),] (62,63). On the other hand, trace impurities
can also interact with a catalytically active species and therefore
accelerate or decelerate the reaction, or even change its mecha-
nism (64). Electron-donating substituents on the porphyrin slow
down the reductive nitrosylation process, whereas electron-
withdrawing substituents accelerate the reaction, suggesting
that they induce the formation of [(porph)Fe'(H,O)NO)] and
increase the electrophilicity of coordinated NO™ (65). The nature
and charge of substituents in the porphyrin periphery affect the
dynamics of both the binding and release of NO (66). Ferric
porphyrins are able to form nitrosyl complexes by rapid trapping
of nitroxyl anions (NO™) (67).

The ferriheme protein metmyoglobin (metMb) at the physiolog-
ical pH 7.4 was reported to bind the NO molecule reversibly
yielding the nitrosyl adduct [metMb(NO)]; the kinetics of the
association and dissociation processes were investigated and a
limiting dissociation mechanism was proposed (58,68). 2-His-1-
Glu nonheme iron center engineered into myoglobin was
reported capable to bind Fe(II) and reduce NO to N5O (69).

The reaction of NO with the ferric(met) nitrite derivative of
human adult hemoglobin Hb was investigated using thin films

(13)
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of sol-gel encapsulated Hb, and the patterns observed were con-
sistent with a mechanism whereby NO reacts with the ferric
nitrite derivative to generate NoO3z (70).

Flavodi-iron proteins containing a distinctive nonheme diiron/
flavin mononucleotide active site, catalyze reductive scavenging
of dioxygen and NO in air sensitive microorganisms. Anaerobic
addition of NO up to one NO per diferrous unit results in forma-
tion of a diiron mononitrosyl complex, whereas further addition
of NO results in two reaction pathways, one of which produces
N5O and the diferric site and the other which produces a stable
diiron—dinitrosyl complex. The production of NoO upon addition
of NO to the mononitrosyl deflavo-protein was interpreted in
terms of the hyponitrite mechanism (71).

The DFT method was used to study the adsorption of NO on
various metal phthalocyanines, MPc, (M=Mn, Fe, Co). The NO
adsorption induces significant changes in the geometry and the
electronic structures of the MPc. The geometry of the M—N—O
grouping was found linear in the case of the Mn center, whereas
bent for Fe and Co phthalocyanines. The observed difference in
the geometry and the electronic structures was interpreted in
terms of the hybridization of NO n* orbitals and d orbitals of
the metal atoms, as well as charge transfer between the NO mol-
ecule and MPc. The calculation and parallel experimental results
have shown that metal phthalocyanines are potential sensor
devices for detecting NO gas (72).

Transition metal complexes binding efficiently enough to elim-
inate NO from some compartments have attracted much interest
because of their potential use as NO acceptors, donors, and/or
carriers important not only in therapy but also in pollution
abatement. Among these complexes the iron(II) ami-
nocarboxylates are characterized by their high solubility in aque-
ous solution and ability of rapid and reversible NO-binding.
These features are useful in reducing both the NO content in
exhaust gases and the NO level in human body during NO medi-
ated pathological events (73-77).

The photolabile [Fe—NO]® iron nitrosyl complexes with a
pentadentate ligand N,N-bis(2-pyridylmethyl)amine-N-ethyl-2-
pyridine-2-carboxamide, PaPysH, and its derivative [(PaPys)Fe
(NO)I(C104) have been synthesized in which the binding of NO
is reversible and the bound NO is released rapidly under irradi-
ation with visible light (78-80).

Among the studied aminocarboxylates, the ethylenediamine-
tetraacetate complex of Fe(Il) proved to be the most promising
NO-scavenger and the reaction:



METAL COMPLEXES AS SOLAR PHOTOCATALYSTS 309

FeH(edta)(HZO)]z_ + NO~ [Fe(edta)(NO)|*” + H,O  (14)

is characterized by the extremely fast NO-uptake (rate constant
of 24x108M~'s ! and high stability constant of 2.1x 105M!
at 25 °C (60,81-87)). The Fe'l(edta) complex also reacts fast with
dioxygen:

2— _
2 FeH(edta)(Hzo)] +02+H20—>2{Fem(edta)(Hgo)] +H,0,
(15)

but the reaction is slower than that with NO (¢=320 M 's ! at
25°C and pH 6 (88,89)). Moreover, its oxidized form, the
[Fe™(edta)(H,0)]~ complex, is inactive toward NO. This means
that to ensure effective NO-uptake under atmospheric
conditions, the Fe(III) product should be rapidly reduced:

Fell(edta) (H;0)| +e - [Fen(edta)(HgO)]% (16)

and different chemical and biological methods for the reduction
of Fe(III) were proposed (90-92).

To avoid any additional pollution by the oxidation products
and to ensure the low cost of the process, the BiodeNOx proce-
dure was proposed, which is a novel technique for NO, removal
from industrial flue gases. In principleﬁ BioDeNOx is based on
NO absorption into an aqueous [Fe (edta)(H%O)]Z’ solution
(Eq. 14) followed by NO reduction and [Fe''(edta)]*~ regeneration
by the denitrifying bacteria:

1I 2- 11 2
6[Fe (edta)(NO)] + CoH;0H — G[Fe (edta)}
13N, + 2C0, + 3H,0

(17)

The technical and economical feasibility of the BioDeNOx con-
cept is strongly determined by high rate biological regeneration
of the scrubber liquid and by edta degradation. Detailed studies
showed, however, a contradiction between the optimal redox
state of the aqueous [Fe'(edta)]?~ solution for NO absorption
and the biological regeneration. [Fe'(edta)(H50)]~ reduction
was found to be too slow to keep all [Fe(edta)] in the reduced
state. Moreover, since flue gases generally contain oxygen, part
of the [Fe'(edta)]®~ is oxidized to [Fe'(edta)]” (Eq. 15). There-
fore, not NO reduction but [Fe''(edta)]~ reduction was found to
be the rate limiting factor of BioDeNOx reactors treating flue
gas that contains more than 1% oxygen (77,92).
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Recently (93), a photochemical method for NO-seParation from
an gaseous mixture was proposed, in which the Fe'! substrate is
generated and regenerated by photoreduction:

_ 2
FeIH(edta)(HQO)] +edtat [Feﬂ(edta)(Hzo)} +edta®®
(18)

The free edta plays here the role of sacrificial electron donor and
undergoes degradation, similarly as in the BioDeNOx technique
(77). The photoreduction course was found to be almost indepen-
dent of pH. This finding is of practical meaning because
[Fe'l(edta)(H,0)]>~ oxidation by molecular oxygen (Eq. 15) is
slower at higher pH values (89) and in an excess of edta (94).
Thus, the photochemical generation of the [Fe(edta)(INO)]?>~ com-
plex should be more effective under these conditions (93). The
process seems to be especially economic and environmentally
friendly as it can be driven by sunlight (16,17,95).

B.2. Ruthenium NO complexes

Complexes of other transition metals, such as Ru, Mn, Cr, Cu,
Co, are also capable of regulating the level of NO in biological
and environmental systems by the binding and chemical or pho-
tochemical release of gaseous NO. In recent years, various tran-
sition metal complexes have been synthesized to modulate NO
concentrations in cellular environments and control physiological
processes that are regulated by NO (33,46,54,75,96).

The high affinity of ruthenium for NO is well documented.
Since ruthenium complexes are in general stable, various
ruthenium nitrosyls have been isolated and studied in detail in
terms of their NO donating capacities. Ruthenium compounds
with readily available coordination sites can be used as NO
scavengers, whereas ruthenium nitrosyl complexes are
investigated as agents controlling the NO-release for medicinal
applications, in particular for the control of high blood pressure,
and as anti-tumor agents that might release cytotoxic NO within
tumor cells, thus leading to cell death.

Modulation of NO release can be induced by one-electron
reduction, which occurs at NO™ to yield coordinated NO®, or by
photolysis (41,46). Thus, the ruthenium complexes were studied
in search for an ideal system for the site-directed NO delivery
from thermally stable precursors which can release NO when
triggered by light. A large number of [Ru—NO]® nitrosyls release
NO upon exposure to UV light and their potential as NO donors
under the control of light has been surveyed. In general, the
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nitrosyls with nonporphyrin ligands (such as amines, Schiff
bases, thiolates, and ligands with carboxamide groups) readily
release NO wupon illumination and generate Ru(IIl) pho-
toproducts. In contrast, photolysis of ruthenium nitrosyls derived
from porphyrins is followed by a rapid recombination that
reduces the release of NO. To date, notable progress has been
made in the area of [Ru—NO]® species derived from polydentate
ligands with strong absorption bands in the visible/NIR region
that could be used for site-specific light induced NO delivery
(75,97-101).

Dinuclear hydrotris(pyrazolyl)borate complexes of ruthenium
were reported to be N—N coupled by two nitrosyl ligands. These
complexes undergo transformation of the N—N bridged into the
oxo-bridged dinuclear complexes with the release of N,O. The
N—N bond is easily cleaved by oxidation and regenerated again
by reduction. This observation would provide significant infor-
mation regarding the mechanism of NO reduction to N,O by
nitrosyl complexes (102).

Similarly to the iron complexes, the nitrite ruthenium com-
pounds might serve as photochemical NO delivery agents (103).

Also the triruthenium cluster, [Rus(pz-O)(u-CH5COO)g(CO) (L)
(Lg)]  (where L;=[(NCsH4o)CH2NHC(O)(CHg)10S 12, Lo=4-
methylpyridine), which forms a self-assembled monolayer is able
to coordinate NO. The NO ligand can be selectively introduced
into the cluster to replace the originally bound CO ligand when
the Ruj cluster is oxidized by one electron, and part of the coor-
dinated NO can also be desorbed from the resultant NO-bound
monolayer when the cluster is reduced by one-electron from its
original oxidation state (104). These findings demonstrate also
new prospects for the NO reactivity pathways in the interfacial
environmental space.

B.3. Copper NO complexes

NO is scavenged by Cu(Il) complexes and diverse reaction pat-
hways were reported (34):

i. Gaseous NO forms stable adducts with copper complexes as
in the case of dithiocarbamates, that changes their toxic pro-
perties (35,105).

ii. Cu(Il) compounds are reduced, whereas NO is oxidized to
NO;~; such a pathway was suggested for copper complexes
with 1,10-phenantroline and its derivatives, for example:
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[Cu(dmp),]** + NO~ [Cu(dmp),] " + NO* (19)

NO* + HoO — HNO, + H* (20)
where dmp =2,9-dimethyl-1,10-phenanthroline (106).

iii. The redox reaction between NO and a Cu(Il) complex leads to
the production of Cu(I) species and nitrosation of the ligand,
as in the case of a tripodal tetraamine ligand and its
derivatives, which undergo concomitant nitrosation at all
three secondary amine sites (107). A similar effect has been
observed for the fluorescein-derived ligands (FI):

[cqu(Fl)z} N0, acul + (F1),(NO), (21)

The reaction (Eq. 21) is accompanied by fluorescence enhance-
ment and for this reason the copper fluorescein complexes can be
used as NO-sensors (108).

The reactions of NO with copper proteins as possible NO
targets in vivo are not as well characterized as those with iron
proteins. Recent studies indicate, however, that redox reactions
can be very fast even at low NO concentrations and in the pres-
ence of oxygen, and therefore the reactions may be of physiologi-
cal relevance. In general, it is assumed that different
spectroscopic types of copper centers react differently with
NO (54).

The 2-His-1-Glu metal center commonly found in natural non-
heme iron enzymes was engineered into myoglobin, and this new
protein appears capable of binding not only Fe(II) but also Cu(I),
and the sites are active in reducing NO to NyO via different
intermediates (69).

Reaction of the monovalent complex [Me;NN]Cu(n?-ONAr)
with NO(g) to give divalent [Me;NN]Cu(k?-OoNoAr) represents
an example of oxidative nitrosylation (where Ar=3,5-MesCgHjs
or Ph). The C-nitroso adducts reported herein are capable of
incorporating one equivalent of NO into the coordinated ONAr
ligand to form diazeniumdiolates [Cul(k®>-O3NoAr), which
represents oxidative nitrosylation of the formally monovalent
[MesNN]Cu(n?-ONAr). This serves as a well-defined example
that illustrates the possibility of oxidizing a metal center via
functionalization of a bound ligand with NO (31). The liberation
of NO from the copper nitrosyl complexes was not characterized
in detail, but the nitritophenylophosphino complex of Cu(I) was
recently reported to release NO upon protonation (109).
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Copper and its compounds are also known to catalyze and
photocatalyze NO transformations (110).

B.4. Cobalt NO complexes

Cobalt is present in human organisms in the form of vitamin
B, derivatives, and the physiological actions of NO on vitamin
B, derivatives were intensively studied (54). It was reported
that the reduced form of vitamin B, [CbI(II)], reacts with
gaseous NO to form a stable nitrosyl complex.

[Cb1(II)] + NO~[CbL(NO)] — [CbL(II)NO] (22)

The large value of the formation constant for this complex
indicates that the binding of NO by cob(Il)alamin is very effi-
cient, and thus may account for the observed physiological
effects. In analogy to porphyrin Co(II) nitrosyl complexes, the
cob(IT)alamin nitrosyl adduct was formally described as [Cbl
(IIDNO].

Irradiation of the [CbIIII)NO™] complex by visible light in
aqueous solution leads to the formation of Cbl(II) and free NO,
after which re-formation of [CbI(IIINO™] could be observed
(564,60,111).

(CHI(IIDNO | E32™™) (ohi(1T)] + NO — [CbIIINO]  (23)
The reaction between aquacobalamin, [Cbl(H,0)], and NO at low
pH was studied repeatedly and it is now accepted that under
such conditions nitrous acid impurities are responsible for the
reaction observed between vitamin B, and NO (112-118).

The reaction of NO with [Co™(TPPS)] (where TPPS=tetra-
meso-(4-sulfonatophenyl)porphinate) was found to approach
diffusion limited rates, similarly to the reaction with
the [Fe'(TPPS)] and [Fe'(TMPS)] (TMPS=tetrameso
(sulfonatomesityl)porphinate) (68).

An untypical behavior of gaseous NO in the presence of
[Co'(salen)] nanoparticles was reported. Under these conditions

NO underwent disproportionation generating different N,O,
products (119).

B.5. NO complexes of other transition metals

Thermally stable chromium(III) dinitrito complexes undergo
photocleavage of the CrO—O bond in coordinated nitrite leading
to the generation of NO and a Cr'V—=0 intermediate.
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L,Cr™(ONO) | Tk [L.c¥—=0)]" +NO (24)

For example, trans-[Cr(cyclam)(ONO)s]" (cyclam=1,4,8,11-
tetraazacyclotetradecane) was suggested as photochemical pre-
cursor for NO delivery to physiological targets (33). This water-
soluble and thermally stable system, which demonstrates a large
®Oyo for NO release with UV light, seems very promising. How-
ever, its absorption cross section in the visible is very small, since
these transitions are ascribed to the Laporte forbidden ligand
field (d—d) bands. To improve the photosensitivity range, several
new macrocyclic ligands L with pendant aromatic chromophores
were prepared. Photoexcitation of aqueous solutions containing
these complexes at wavelengths corresponding to the chromo-
phore absorption bands led to the generation of NO (46,48).
Nanocrystal quantum dots were found to offer important
advantages as photosensitizing chromophores, including high
optical cross-sections for both single and two photon excitations
and the ability to tune the optical properties by varying the QD
diameter (120,121). Also visible light excitation of ¢rans-[Cr
(cyclam)(ONO),] " in solutions containing thiol reducers such as
the biological antioxidant glutathione leads to a permanent reac-
tion even under anaerobic conditions, resulting in a high quan-
tum yield for the release of NO (122).

Density functional theory (DFT) studies of the series of
complexes [Cr(L)(H30)5]"" (where L=N3~, NO, NS, or NSe)
show that the unpaired electron resides in a metal-based d,,
orbital and that the electronic structure in the equatorial plane
is similar in all four complexes and resembles Cr®". The o donat-
ing ability was found to follow the order N3~ > NO <NS~NSe,
whereas the m accepting ability followed the order
NO>NS~NSe. Time dependent DFT calculations gave in all
four complexes a d,2_,2+d,, transition energy around
17,500 cm™ ! (123).

The Mn(IIT) complexes with pyridine derivatives, [Mn(PaPys)
(NO)ICIO4 and [Mn(PaPy,Q)OH)]CIO, (where PaPysH=N,
N-bis(2-pyridylmethyl)amine-N-ethyl-2-pyridine-2-carboxamide
and PaPy,QH =N,N-bis(2-pyridylmethyl)-amine-N-ethyl-2-quin-
oline-2-carboxamide), though insensitive to dioxygen, react with
NO to afford the nitrosyl complexes [Mn(PaPy3)(INO)]C104 and
[Mn(PaPy.Q)(NO)IC104 via reductive nitrosylation. These dia-
magnetic nitrosyl [Mn—NO]® complexes are soluble in water,
and release NO after exposure to visible radiation with high
quantum yields (0.385 and 0.694 at A;,=550 nm, respectively).
The quantum yield of the quinoline derivative at /;,,=500 nm
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is even higher (#=0.742) and the compound is also sensitive to
NIR light (800-900 nm), which results in bleaching of its
maroon solution and release of NO. These results show that
properly designed manganese nitrosyls can also effectively
deliver NO wunder light, and their photoactivity can be
modulated by alterations in the ligand frame (124).

In the reaction of a dinuclear Ni(I) complex with NO, one
[Me,NN]Ni fragment is trapped as the nickel nitrosyl compound
[Me,NNINi(NO) (31).

S-Nitrosothiols undergo a reversible transnitrosation reaction
at zinc tris(pyrazolyl)boratozinc thiolates, *"?TpZn-SR. These
zinc thiolates are unreactive toward anaerobic NO but rapidly
react with NO in the presence of Oy or anaerobically with NOy
to release the S-nitrosothiol RSNO with formation of the
corresponding zinc nitrate (125).

The reactivity of Zn;- and Cd;-metallothionein (MT) with S-
nitrosopenicillamine (SNAP), S-nitrosoglutathione (GSNO), and
2-(N,N-diethylamino)-diazenolate-2-oxide (DEA/NO) demonstra-
ted that MT is a significant site for cellular reaction of NO or
its compounds. Zn;-MT reacts with SNAP or GSNO under aero-
bic conditions and in the presence of light, which stimulates the
decomposition of S-nitrosothiolates to NO and Zn®', whereas
protein thiols are modified (126).

NO, can also undergo photoredox reactions on solid
photocatalysts modified by coordination compounds, for example,
on TiOy modified by HyoPtClg (127) or on bismuth tungstate
photocatalysts (128).

To date, research on light-activated NO donors has almost
exclusively focused on the chemical reactivity of NO in biochemi-
cal systems, but detecting and understanding the role of NO in
the environmental processes is an exciting new field of endeavor
(129). The prerequisites of these operations were presented in this
review, but still new details appear that prove the environmental
importance of cooperation between transition metal ions, natural
ligands, NO, and solar light. A significant example may be found
in the recent report on the role of copper(Il) and other divalent
metal ions (zinc, cobalt, and iron) in N,O reduction to Ny in the
presence of sulfides, which is an essential stage of denitrification
processes proceeding both in natural environments (marine
sediments) and industry (activated sludge, methanogenic sludge,
BioDeNOx process) (130). The photocatalytic release of NO
is accessible also in multiphase systems, as was demonstrated
in case of the encapsulated iron and ruthenium nitrosyl
complexes (101).
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V. Photooxidation of Organic Pollutants by Transition Metal
Complexes in Hydrosphere and Soils

One of the most significant stimulus of photocatalytic processes
in water basins and soils are transition metal ions. Although abun-
dance of naturally occurring transition metals is in general less
than 100 ppm and concentrations of their water soluble forms are
even several orders lower, their presence has relevant effects on
the environmental processes and compositions. The important
prerequisites are readiness to decrease their oxidation numbers
in photoredox reactions and the possibility to generate higher oxi-
dation numbers in contact with molecular oxygen. As a conse-
quence, transition metal ions present in the aquatic
compartments are involved in photochemical cycles that play an
important role in the degradation of various pollutants.

A. IroN COMPLEXES

Especially important for the cleaning of aquatic systems are
water-soluble iron(III) complexes, although in colloidal systems
Fe(III) species can also be light-activated (76). One of the
controlling parameters is the nature of the ligand (131). A special
role is played by hydroxo complexes, but ligands forming chelate
complexes are also of relevance, among them HS. The OH ™ ligand
undergoes photooxidation at the expense of the Fe(III) center:

Fe'(OH)L;| + H,0 22EM<T)

FeH(HZO)Lg,} LOH'  (25)

and OH® radicals that belong to the strongest environmental
oxidants are responsible for most of the degradative oxidations
of organic pollutants. Alternatively, organic ligands coordinated
to Fe(IIl) are oxidized directly by the excited center:

|:FeHI (LL) 3:| hv(LMCT)

[FeH<LL)2(H20)2 +LL*  (26)
Typically sunlight absorption can excite Fe(III) complexes to
ligand-to-metal charge transfer (LMCT) excited states, which
decay via photoinduced electron transfer (PET) to the Fe-center
from the inner (ligand) or external electron donor. The photo-
chemically generated Fe(II) species is then reoxidized to the ini-
tial Fe(III) compound or its derivative (e.g., aqua complex)
closing the photocatalytic cycle. As result many environmental
pollutants are oxidized by molecular oxygen in reactions driven
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by solar energy, that is in photoassisted processes catalyzed by
Fe complexes (cf. Fig. 1).

Among Fe(III) chelate complexes those with HS are of special
relevance due to abundant occurrence of these ligands in the
nature. They are thermally very stable compounds, whereas
under sunlight undergo photoredox reactions yielding ferrous
species and free HS*" radicals (see Section III.A) (6,132).

A.1. Fenton and photo-Fenton reactions

The most common oxidation reaction induced by iron
complexes is generation of OH® radicals from H,O5 by Fe(II) salts
in the so-called Fenton reaction (133):

Fe*" + Hy0y — Fe*™ + OH® + OH~ (27)

The reaction can be converted into a photocatalytic process by
photoreduction of Fe(ITI) complexes; when at least one of the lig-
ands is hydroxide, then the second OH® radical is produced
(Eq. 25); such a reaction sequence is known as the photo-Fenton
reaction. It belongs to photoassisted processes because oxidation
of organic compounds requires the consumption of radiation
energy, whereas the iron photocatalyst is regenerated. However,
during this operation instead of molecular oxygen another sacri-
ficial acceptor (Hy05) is required. Although hydrogen peroxide
does exist in the environment, its concentration is too low to play
any significant role in the natural photo-Fenton processes. More-
over, any continuous course of the reaction needs continuous
delivery of hydrogen peroxide, and thereby the photo-Fenton role
in natural processes is limited (134).

Instead, the photo-Fenton reaction is strongly recommended as
one of the most efficient and convenient among the advanced oxi-
dation methods resulting in effective oxidative degradation of
organic pollutants in waste and sewage treatments (135). Kinet-
ics and mechanism of the photo-Fenton processes (136-141), pro-
cess parameters and control (142), pH influence (143), effect of
iron source (144,145), and anchored oxygen-donor coordination
to iron (146), were all studied extensively. The rate of Fe(II) reox-
idation necessary to close the photocatalytic cycle was
investigated as function of naturally occurring ligands, molecular
oxygen and radical scavenger availability, solution pH, and tem-
perature (147).

The conventional homogeneous photochemical system was pro-
posed to be enhanced by using electro-(photo)-Fenton (148,149)
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or heterogeneous Fenton techniques especially with the use of
semiconductors or resins (146,150-168).

Both conventional and improved photo-Fenton methods play a
significant role in the degradation of various organic compounds,
differing in their structure (aliphatic or aromatic), such as
hydrocarbons (169), alcohols and their derivatives (170), organic
acids: salicylic (OHCgH,COOH) (171), oxalic (COOH), (157),
citric (OH)CsH4(COOH)3 (172), maleic (CHCOOH), (158), formic
(HCOOH) (173-175), phenol (CgHs0H) and its derivatives
(159,163,176,177), poly(ethylene glycol) (H(OCH,CH,),OH)
(178), and many others organic pollutants (2,179).

The photo-Fenton processes are explored as photochemical pre-
treatment of nonbiodegradable and ubiquitous environmental
pollutants and/or extremely toxic compounds in wastewaters, such
as persistent organic dyes under visible light irradiation
(151,154,180,181) and under UV irradiation (139, 182), azo dye fac-
tory wastewaters (140,162,183-185), herbicides (186-188),
pesticides (152,153,189,190), insecticides (191), pharmaceuticals
and wastewaters from medical laboratories (192-197), surfactants
(198), industrial effluents with persistent toxic pollutants (199),
industrial solvents and wastewaters (167,200), chlorinated
solvents (201), and municipal wastewater (202). The photo-Fenton
process was proposed to improve the biodegradability of especially
biorecalcitrant wastewater, coming from textile industry, and the
method was also suggested for water disinfection (203-205).

A.2. Photoreduction in other iron systems

A similar oxidative photodegradation of organic substances in
the presence of iron(III) complexes without any added HyO,
was explored over a long time (2,16,17,95,206,207). The studies
proved that generation of LL°* (Eq. 26) or OH® radicals (Eq. 25)
in the photoreduction of [Fe'(LL)s] or [Fe'(OH)L;], respec-
tively, leads simultaneously to direct or indirect oxidation of
organic ligands (LL) or other substances (via OH® radicals). The
Fe(II) re-oxidation by atmospheric molecular oxygen is strongly
pH dependent and in general too slow (147) to be used for sewage
treatment, although it works perfectly under natural environ-
mental conditions.

The Fe(II)/Fe(IIl) cycling and consequent radical generation
was studied repeatedly and effects of various parameters were
considered. DOM, oxygenation, and solar irradiance were found
to be the most important factors controlling the nature and con-
centrations of Fe(II) and Fe(III) complexes in water basins.
There is a large number of possible thermal and photochemical
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reactions involving DOM and both ferrous and ferric iron, along
with various reactive oxygen species (superoxides, peroxy
radicals, hydrogen peroxide, hydroxo radicals); a net photooxida-
tion process may indicate the importance of the reactive oxygen
species in the overall observations (208-211). Some inorganic
ingredients, such as phosphate or nitrate ions, are also of signifi-
cance in the photodegradation processes (212,213).

The solution pH is of special significance. Most of the processes
are favored by alkaline medium that is connected to the forma-
tion of hydroxo complexes and generation of the hydroxo radicals
(Eq. 25), which are the main oxidizers in photoinduced degrada-
tion of pollutants such as: phenol (CgH;OH), 2-aminophenol
(NH,CgH,OH), 3-chlorophenol (CIC¢H,OH), cyclohexanol
(C¢H1;0H), and nitrobenzene (CgH5NOy) (132,214-219). A simi-
lar mechanism was also suggested in the case of benzoic acid
(CeH5COOH) removal by homogeneous Fe(III) photocatalysis
(220), although a maximum rate was noted for pH~ 3.5, and at
pH values higher than 5.5 the system showed no reactivity at
all. The results are thus inconsistent with the effect of pH on
the concentration of the [Fe(OH)(H,0)5]*" form (pK,=3.05).

Quite another mechanism was suggested in case of ligands
which form strong complexes with Fe(III), such as mono- and poly-
carboxylates: acetate (CH;COO7), citrate (OH)CsH,(COO0)5>~,
malonate (CHCOO),?~, oxalate (C20,4%7), and ethylenediamine-
tetraacetate (OOCCH,);NCH,CH,;N(CH,COO)o* ™, being common
constituents of environmental compartments. Moreover, these
polycarboxylate complexes undergo rapid photochemical reactions
under sunlight irradiation leading to the formation of oxidative
species. It was reported that light irradiation of Fe(III)-poly-
carboxylate complexes initiates the series of redox reactions by
LMCT excitation followed by producing both Fe(II) and ligand free
radicals.

Thus for Fe(Il) acetate the pathway of homogeneous
photocatalytic mineralization of the acetate ligand was proposed
to start from R®*=CH3® radical generation and CO, release (221):

2
[FeIII(RCO2) * hoLMCT)

Fe'l + R* + CO; (28)
A somewhat other mechanism was concluded from laser flash
photolysis experiments carried out for chelate Fe(IlI) complexes,
such as [Fe(edta)(H,0)]~ and [Fe(edta)(OH)?~ (16,17,87,95,222).
The edta complexes were suggested to undergo inner-sphere pho-
toreduction induced by LMCT excitation:
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~  hv(LMCT
_—

Fe'l (edta)(H;0) L+ Feﬂ(edta')(HQO)}_ (29)

with the edta®3~ radical coordinated to the Fe!! center by means
of five COO™ groups with a radical CH,COOQO?® grouping pending
free in the transient species. The simultaneous presence of a
vacant coordination site and radical ligand in a complex anion
is responsible for quenching the transient by both electron
donors and acceptors, or even for self-quenching (16,17):

* [FeH(edta’)(Hzo)] s [Fem(edta)(HZO)} -
x— (30)
[(1:0) edta®)Fe'' (4 — O, Fe™ (edta)]

Within milliseconds the Fe(II)/Fe(Ill) intermediate undergoes
inner-sphere electron transfer:

x—4
{(HZO)(edta’)FeH(u - OHx)FeIH(edta)} + xH,0 —
(31)
4—
[(edta)FeHI(u - O)Fem(edta)} +xH;0"

and regenerates the original Fe(III) complex:
(edta)Fe(u — O)Fe(edta)|*” +2H;0*" 2| Fell (edta) (H20)| +Hz0

(32)

Quenching *[Fel(edta®)(Hy0)]~ by electron donors leads in a
deoxygenated medium to the regeneration of the edta*” ligand
from the edta®®~ radical and formation of the reduced Fe(II) com-
plex and oxidized donor molecule (D=aliphatic alcohol, sulfate
(IV), nitrate(II) or even extraneous edta*~ ligand):

* [Feﬂ(edta')(Hzoﬂ 4D [Feﬂ(edta)(HQO)]% +D"  (33)

whereas in the presence of O, or another external electron acceptor
(e.g., A=Cr0,%"), the excited state undergoes oxidative quenching:

. [Feﬂ(edtaw(HQO)} “tA— [Fem(ed?,a)(HQO)} + A+ edtag
(34)

producing a stable Fe(IIl) complex with pentadentate
ethylenediaminetriacetate ligand ((OOCCH5);NCH;CHoNH
(CH5COO0)3~, ed3a), and oxidation products of one part of the
edta*” ligand (CHy,COO?® radical) (6).
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Laser flash photolysis experiments carried out for a wide range of
initial parameters, provided new evidence that intramolecular elec-
tron transfer from a ligand to the Fe(IlI) center is the main photo-
chemical process in the photochemistry of [Fe™(Co0,)5]% (222).
As primary transient species, the radical complex
[(C204)oFe(C50,°)]3~ was detected; the yield of organic radicals in
the primary photoprocess was found to be negligible. A kinetic
scheme for the photolysis of [Fe™(C0,)s]>~ was proposed, including
formation of [(C20,)sFe™(C204°)]7, its reversible dissociation to the
oxalate ion and secondary radical complex [(C50,)Fe!(C50,*)] ~, and
the decay of both radical complexes. Quite a similar behavior was
reported for the heteroleptic Fe(Il) oxalate complexes with N,N-
ethylenebis(benzoylacetoneiminato) Schiff base derivatives (223).

Recently, the photochemical redox cycling of iron coupled to the
oxidation of the malonate ligand (CHCOO),* ™~ has been investigated
under conditions that are representative of atmospheric waters
(224). Malonate exhibited significantly different characteristics
from oxalate and other dicarboxylates. Spin-trapping electron spin
resonance experiments proved the formation of both the
CH;COOH® and OH® radicals at lower total malonate concentra-
tion, but only CH,COOH® at higher concentrations of malonate,
providing strong evidence for competition between malonate and
OH™ ligands, and subsequent different photoreaction pathways.
The study is of relevance to advance our understanding of iron
cycling in acidified carbon-rich atmospheric waters.

Moreover, recent studies on Fe(IIl) complexes with eth-
ylenediamine-N,N-disuccinate (CH,NHCHCH,(COO)s)5* ", edds),
which is a structural isomer of edta, proved that the photolysis
of Fe-polycarboxylates can be diverse (2,95,225). Irradiated sol-
utions of [Fe(edds)]” showed generation of OH® radicals with a
quantum yield dependent on pH and independent of the complex
concentration. Thus, the proposed reaction scheme was as follows:

[Fel"(edds)] MO pell 4 edds® (35)
Fell 402 [Fem(edds)] ) (36)
edds*®” + OH™ — edds*” + OH" (37)

This study gave evidence for the potential role of [Fe'(edds)] ~ as
a photoactive species in natural waters.

The ligand radicals generated by mono- and polycarboxylate
iron(ITI) complexes can also be the driving force for photocatalytic
oxidative degradation of external pollutants directly or upon their
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conversion into OH® radicals (e.g., Egs. 34 and 37). The yield and
convenience of the solar photocatalytic degradation can be
enhanced by  Fe(Il) species coupled with TiO,
(145,158,159,226-229).

B. CoprreEr COMPLEXES

Other potential transition metal photocatalysts occur in water
basins in much lower concentrations and thus the effect of their
photoreactivity is decidedly smaller. Among them only the copper
contribution was more extensively studied. In soils most of the
metal is in an insoluble form or bound to various inorganic and
organic ligands. Only in storm water and subsequently urban
rivers, the copper concentration frequently exceeds the freshwater
quality criteria. Generally, the main inorganic cupric species pres-
ent in freshwater systems are Cu?*, Cu(OH)", Cu(OH)y, and [Cu
(CO5)]?", and these make up 98% of the dissolved inorganic cop-
per; the rest 2% of dissolved inorganic copper is coordinated mostly
by chlorides and phosphates. In seawater, however, copper
complexes with naturally occurring organic ligands are predomi-
nant. Dissolved organic copper complexes include those with
amino acids, carboxylic acids and humic acids. Substantial
organic-copper complexation may occur even in water with rela-
tively low organic content, and increases with decreasing pH and
increasing salinity. Chloride can strongly bind to Cu(I) and this
explains the presence of Cu(I) in seawater (2).

The photoredox behavior of Cu(Il) complexes, similarly to
those of Fe(IIl), is derived mostly from the reactive decay of their
LMCT states. Excitation to LMCT excited states can be attain-
able by direct sunlight, when the ligands coordinated to Cu(Il)
are good enough electron donors. As a consequence of the reac-
tive decay of the LMCT excited state by inner-sphere electron
transfer, the Cu(Il) central atom is reduced to Cu(I), whereas
the ligand or another available electron donor is oxidized to its
radical, for example:

[Cull(LL), | MY el 4 LLt (38)
or
2—-x phy 2—x
[cu'cy,] ST cucrs| "o (39)
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Cl* + ClI” — Cly*~ (40)

The Cl,* radicals are strong oxidation and chlorination agents.
For instance, they are able to oxidize phenol and its derivatives
to para-benzochinone and/or CO, (230).

The secondary reactions depend on many factors such as solu-
tion pH, oxygenation, DOM, but the Cu(II) photoreduction
(Eq. 38) may lead to photodegradation of the chelate ligands or
external electron donors.

Cu(Il) complexes with carboxylate ligands (acetate, malonate,
oxalate) undergo photodecarboxylation during irradiation within
their LMCT bands, for example (231):

[CuOOCCHs] g1y — T, *[CuOOCCH3] g1y — Cu” iy
+CHjs*® + COq (41)

The electron donor ability of several carboxylic acids to Cu(Il)
reduction photoassisted by TiO, has been compared and formate
was found to be a better electron donor than oxalate.

Aminocarboxylate ligands, such as glycine (NH;CH,COOH), glu-
tamine (NH>;CO(CHy)s(NH,;)COOH), alanine (CH;CHNH,COOH),
nta (N(CH3COOH);), ida (NH(CH3COOH),), and edta
(CoH4No(CH>,COOH),), are able to undergo photooxidation under
these conditions. Complete photooxidation of these ligands yields
among other products carbon dioxide and ammonia. For example,
Cu(II) nitrilotriacetate irradiated at 350 nm demonstrated a signif-
icant photodecomposition of the ligand to CH50, iminodiacetic acid
(ida), and COg (206,230), whereas Cu(Il) iminodiacetate underwent
photodegradation to Cu(I) species, NH, ", HCHO, and CO,, (207).

Ethylenediamine and others polyamine Cu(II) complexes can
also be oxidatively photodegraded producing NHs; and CO..
Phenanthroline (C19HgNs) and related compounds in mixed
ligand Cu(Il) complexes were reported to undergo copper photo-
reduction and generation of the different radicals that originated
from the co-ligands, such as OH®*, CH30°, and CH3;0H"*. The
radicals are able to oxidize many organic compounds, such as pri-
mary and secondary aliphatic alcohols or aromatic hydrocarbons
(benzene, toluene) and phenol (230).

UV-irradiation of Cu(Il) diketonate complexes generate Cu(0),
which can originate from a disproportionation of Cu(I) produced
in photodegradation of p-diketonate of Cu(Il). The quantum
yields of these reactions are relatively high for UV-irradiation,
and solar light is also active (2).
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Cu(I) produced by photoreduction of Cu(II) undergoes rela-
tively fast reoxidation mostly in the reaction with molecular
oxygen:

Cu" + 0y — Cu®t + 0y~ (42)

which makes the Cu(I) disappearance in oxic environments very
fast (in ms). In suboxic rivers, however, the Cu(I) concentration
varies with solar UV-irradiance and can reach even 50% of the
dissolved copper (2). Chloride ions retard the Cu(l) oxidation
through its stabilization in the CuCl form. Conversely, oxygen
dissolved in water reduces the Cu(I) concentration, and Oy°~
and Hy,0, are produced instead:

Oy~ + H — HO3* — Hy09 + Oy (43)

These species play an important role in the copper cycle as they
can behave either as oxidants or as reducing agents. The Cu(I)
oxidation proceeds in two steps: slow (Eq. 44) and fast (Eq. 45).

Cu’ + Hy05 — Cu®*" + OH® + OH~ (44)

Cu' + OH® — Cu®*" + OH~ (45)

Similarly, Cu(II) reduction goes through the slow (Eq. 46) and
the fast steps (Eq. 47)

Cu®" + HOy~ — Cu' + 0y*~ + H' (46)

Cu®" + 0y — Cu'™ + 0y (47)

Dissolved Cu(Il) compounds show exceptional susceptibility to
scavenge hydroperoxide (HO5®*) and superoxide (O5°) radicals
(230). Peroxide and superoxide species are thus not only formed
in the copper cycle but they have also an influence on the Cu(I)/
Cu(II) interconversion, which is of importance in natural waters.

The reaction of Cu(I) with HyO, generating OH® radicals (Eq. 44)
resembles that of the iron(II) complexes (Eq. (27), Fenton reaction)
and although it is followed by a fast opposite reaction (Eq. 45) that
consumes the radicals, copper can contribute to the oxidative degra-
dation in the Fenton-type processes (205,232-235). On the other
hand, the photophysical properties of copper(I) bis(phenanthroline)
complexesinduced by a MLCT excitation were interpreted as forma-
tion of the Cu(I) — Cu(Il) excited state (236).

Photooxidation of pollutants with participation of Cu(II)
complexes may also occur in heterogeneous systems, viz. on
semiconductor surfaces. Since this system requires the presence
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of other substances such as TiOy or WOs3, it seems to be more
useful rather for wastewater cleaning from hazardous species
than for environmental self-cleaning (237-242).

C. CuromiuMm COMPOUNDS

Chromium environmental abundance is much lower than that
of iron. Moreover, the chemistry and photochemistry of chro-
mium(IIT) complexes are significantly distinct from those of
iron(ITI). The main symptoms are lower stability of Cr(II) species
and lower solubility of Cr(III) complexes. Moreover, chromium
forms compounds in several higher oxidation states, among
which only Cr(VI) species are stable. As a consequence, in the
environment chromium occurs in two oxidation states, that is,
Cr(IIT) and Cr(VI), which are drastically different in charge,
physicochemical properties, as well as chemical and biochemical
reactivity. The immobile Cr(III) form is one of the trace elements
essential for the proper functioning of living organisms, whereas
mobile Cr(VI) exerts strong toxic effects on biological systems.
Their conversion into each other is possible but needs specific
reaction conditions, such as solution pH, oxygen concentration,
presence of appropriate electron donors, acceptors, and
mediators acting as reagents, ligands, or catalysts (243,244).

These prerequisites do not favor anticipation of any observable
chromium contribution to pollutant photodegradation in the
environment. But yet, cyclic fluctuations of the Cr(VI)/Cr(III)
concentration ratio in seawater, dependent on solar irradiance,
were detected, which is indicative for the detectable photo-
conversion that had to entail an oxidative photodegradation of
DOM (243). Moreover, the photochemical conversion between
Cr(VI) and Cr(IIl) was investigated with respect to the possible
existence in the nature of complete photocatalytic cycles func-
tioning in day-and-night intervals. Under conditions mimicking
the natural ones, the model system consisted of [Cr(Co04)5],
Cr0O,%~, and C50,%, the concentration ratio was oscillating
according to light and dark sequences, suggesting the cyclic
conversions of Cr(III) to Cr(VI) and Cr(VI) to Cr(IIl) (95,245).

C.1. CrdIl) complexes

Current knowledge of chromium(III) photochemistry relates
mostly to the decay of the metal-centered (MC) excited states (246).
Photosubstitution and photoisomerization are, however, of minor
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environmental relevance, because only the photoredox behavior is
able to induce oxidative photodegradation of the pollutants.

To undergo a photoredox reaction, the central atom should
coordinate an electron donor good enough for electron transfer
toward the Cr(III) center in the LMCT excited state. Photoredox
reactivity was reported for Cr(III) complexes with ligands such
as N3~ (247), CN~ (248), NCS™ (249), edta (18,244), and C50,%~
(245). The LMCT excitation within the UV range was shown to
induce Cr(III) photoreduction to Cr(II) in [Cr(CN)s_.(OH) >~
(248), [CI’Az(NCS)4] B (A = NH3, aniline (C6H5NH2), n-
propylamine (CsH;NHsy), morpholine (lNHCHzCHQOCHzCHz‘)),

and [Cr(A—A)NCS)4~ (A-A=1,2-diaminethane or 1,2-

diaminopropane) complexes (250). The Cr(III) complexes with

edta are able to undergo photoreduction upon excitation by solar

light (18,244), whereas the photoreactivity of oxalate and citrate

complexes needs some more energetic radiation (245,251,252).
The LMCT excitation of the Cr(III) complex with edta:

[or' (edta)OH| 27 ho(LMOT) d

Cr"(edta®)OH] T (48

is followed by back electron transfer

“[or" (edta’)OH] " — [or™ (edta)OH] (49)

and/or PET accompanied by dissociation of the oxidized 1part of
the ligand. In the presence of molecular oxygen, *[Cr'i(edta®)
OH]?" is quenched reproducing Cr(III) or even yielding Cr(VI)
species. The latter Cr(II) oxidation (Eq. 50) is possible under spe-
cific conditions, that is, in alkaline medium and at a relatively
large excess of O5 over the Cr(II) concentration (18,244,248-250).

Cr(Il),, + 02 = CrO.> (50)

Another hypothesis concerning the mechanism of the Cr(II) — Cr
(VI) oxidation is based on the assumption that in alkaline
medium the edta®®~ radical ligand, similar to the free edds**~
radical (Eq. 37), produces OH® radicals (225,252).

The crucial role of OH® radicals in Cr(II)— Cr(VI) oxidation
was suggested also in the case of UV irradiated citrate complexes
[Cr™(cit)] and [Cr'(cit)OH]~ (252). The reaction series is
initiated by photoreduction:

hv(LMCT)

[Crm(cit)} + [Crﬂ(ciﬂ)} — Cr'lyg +cit”  (51)
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and followed by oxidation of both products by O,:

cit*?” + 0y — 3—oxoglutarate + COg + Oy~ (52)
Cr'yy + 0y — Cr'™y + Oy (53)

20,°" 4+ 2H" — 2HO,* — Hy0; + O, (54)
H,0, 2200 90 (55)

Cr'',q + 40H® + 40H™ — Cr0,2~ + 4H,0 (56)

Consistent with the proposed reaction scheme, the quantum
yield of chromate(VI) production increased significantly with
pH, that is, for [Cr''(cit)OH] ™ it was higher than for [Cr''(cit)].

In the case of trisoxalatochromate(III), [Cr(C20,4)3]3", a similar
pathway of LMCT photochemistry was suggested, although dis-
tinct from edta®®", the C,0,°*~ radical ligand is more susceptible
to release (95,245). The LMCT excitation:

—  hv(LMCT
S #[0r(C200)5(C2040)] T (5T)

[er™(C204),] ’

is followed by back electron transfer

: [Cr11(0204)2(0204'*)]37 — [or™(C200),] T sy

and/or by PET accompanied by dissociation of the oxidized
ligand:

[er(C200,(C20,)] = [er(€200,) +C200 (59

Quenching of the Cr(II) species by molecular oxygen yields
[Cr'™(C504)2(H0)e]~ and/or CrO,*, whereas the Cy0,"
radicals readily generate OH® radicals and finally are oxidized
to CO, (222,225).

Recent flash photolysis results showed, however, that beside
the photoredox mechanism illustrated by Egs. (51)—(53), also sol-
vated electron generation could be recorded within nanoseconds
(t12=0.16 ps) (251).

[CI’II(0204)2(0204'_)]3_—>[CI‘III(CQO4)2(C204'_) 2_+e-aq (60)

The e ,q lifetime increased significantly when one oxalate
ligand in [Cr'(C504)3]>~ was substituted by a more electrophilic
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ligand like pyridinedicarboxylate (pda). This behavior was
interpreted by the reaction series:

hv(LMCT 3—
A [0r(C5047)(C204) (pda) |

(61)

[or1(C201),(pda)]

[Crﬂ(czor)(czog(pda)} - [Crm(@or)(czoél) (pda'i”*)]

(62)
[Cr(C504")(C,04) (pda™ ) | -
g (63)
[Cr™(C204°7)(C204)(pda)| +e7ug
111 2
[Cr (0204'_)(0204)(]?)(13)} +2H,0 — (64)

|:CrIII(0204) (pda) (H20)2] 100,

demonstrating that photoinduced innersphere charge transfer
from the oxalate ligand to the Cr(III) center (Eq. 61) was followed
by secondary inner-sphere CT from the Cr(II) center to the
pyridinedicarboxylate ligand (Eq. 62) and by outer-sphere elec-
tron transfer to the solvent (Eq. 63).

Molecular oxygen competes effectively with inner- or out-
ersphere electron transfer, and production of chromate(VI) was
recorded both in the case of oxygenated homo- and heteroleptic
complexes with the quantum yield decreasing within the series
2,3-pda>2,4-pda>2,5-pda~(ox);. However, Cr(VI) production
was never recorded in the photoreaction of homoleptic complexes
containing only pyridinedicarboxylate ligands (251).

The photoredox reaction of chromium(III) complexes with lig-
ands such as oxalate, citrate, or edta can proceed under environ-
mental conditions. In consequence, these pollutants undergo
oxidative degradation, but simultaneously the harmful and
toxic chromate(VI) is generated. To close the photocatalytic cycle,
Cr(VI) had to undergo successive photoredox processes.

C.2. Chromate(VI) compounds

In the environment, chromate(VI) occurs in two forms,
depending on the solution pH (pK=6.5):

HCrO, —~CrO,%> +H' (65)
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and its concentrations are too low for the existence of the dimeric
Cry0,%~ form. Both monomeric anions absorb the near-UV part
of the solar spectrum (lma.=374nm, ¢=4880 for CrO,% and
Amax =352 nm, ¢=1350 for HCrO, (253)) and the absorbed radi-
ation generates the LMCT excited state, which undergoes a pho-
toreaction only when a proper electron donor is accessible to
activate the PET between two sites localized in the same molec-
ular entity (innersphere PET, Eq. 66) or from one molecular
entity to another (outersphere PET, Eq. 67).

Oxidation of alcohols at the expense of photoreduction of Cr
(VI) was initially interpreted in terms of the photochemical reac-
tivity of chromate(VI) esters, but time-resolved spectroscopic
studies (2563) proved that the photoreaction mode depends on
the bond strength between chromate and secondary alcohol. In
the case of the strong bond, innersphere transfer of two electrons
was recorded (Fig. 3):

“RiReCHOCrO; ™ + 5H' + 3H0 — RiRyCO + [Cr(H0)g] "
(66)

whereas in the case of weak interaction between chromate(VI)
and an electron donor, outersphere quenching yields one electron
transfer:

*HCrO4~ + R;RoCHOH — HzCI‘VO47 + R;R,CHO® (67)

In the environment, there are many external electron donors,
which are susceptible to contribute to the Cr(VI) photoreduction,
among others alcohols, oxalate, cysteine (HSCHyCH(NH,)
COOH), phenol, and its derivatives (2,95,244,245,253-255).

Outersphere Innersphere
electron Cr(VI) electron

hv hv
transfer (LMCT) (LMCT) transfer

D
{Cr(Vi)y o D) {Cr(VI)-D}*

D

j\ cr(v) D2+

D crv) \ Cr(IV)
\ o /

Fic. 3. Scheme for photoinduced charge transfer between excited
chromate(VI) anions and electron donors via inner- or outer-sphere
pathway.
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Their oxidative degradation starts from PET analogous to that
shown for alcohols (Eq. 67). In the case of anionic electron
donors, electron transfer is assisted by external cations yielding
ion pairs (245) (Fig. 3).

Chromium(V) species, the main photoreduction products, are
stable only in exceptional cases (as in the polyvinylalcohol matrix
(256)). The reduction of chromium(V) to chromium(III) is a far
slower process when chromium is in the presence of strong che-
lating agents such as polycarboxylate derivatives (257), but in
general, Cr(V) undergoes a series of redox reactions and, in
absence of other redox and coordinating partners, is transformed
in part into a Cr(III) species and in part to Cr(VI), for example:

3Cr(V) — Cr(III) + 2Cr(VI) (68)

D. Pnoorocatavrytic CYCLES

Photochemical and photocatalytic processes are responsible for
self-cleaning of the atmosphere, soils, and water basins. Transi-
tion metal complexes contribute mainly to cleaning of the hydro-
sphere, although their cooperation with atmospheric gases is as
yet underestimated and the progress needs more detailed
investigations.

The photoassisted activity is especially useful for degradation
of strongly hazardous substances or recalcitrant pollutants,
which are resistant to removal in chemical and/or biochemical
processes. Transition metal photocatalysts are able to stimulate
the indirect photodegradation of molecules that resist direct
photolysis. Thus, they can activate species not absorbing sun-
light, or those whose excited states populated by sunlight
absorption are chemically inefficient.

Photocatalysis processes are environmental friendly, heading
for sustainable development because their driving force is sun-
light, their oxidizing agent is atmospheric molecular oxygen
and most photodegradations result in complete mineralization
of the DOM without any pollution by risky side-products.

Among the coordination compounds involved in environmental
photocatalysis, iron, copper, and chromium species belong to the
most effective. The photoassisted cycles driven by most transi-
tion metals need one photon excitation; the exception is the chro-
mium cycle, which needs twofold excitations of the chromium
species to close the cycle (Fig. 4).
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(a) (b)
hv hv
& b 4
M™ L] [CrLe]
L \' Lox
m+1 * DOM
[h(ALMCTI)_n] 00X [Crﬂaq]
0,
hv
&
MIL, Lo /AP | R [CrO?-
[M™L,]+D"* [HCrO4]

Fic. 4. Two alternative pathways for the redox cycles
photocatalyzed by Fe(III) or Cu(II) complexes (a) and by chromium
compounds (b); L, ligand; D, external electron donor; DOM, dissolved
organic matter.

The former case is illustrated in Fig. 4a, showing two alternative
pathways for the redox cycles photocatalyzed by Fe(III) or Cu(II)
chelate complexes: (i) innersphere PET with ligand (L) as electron
donor and (ii) outersphere PET with an external electron donor (D).
The latter way of degradation by Fe(III) photocatalysts is of special
meaning in the case of anthropogenic pollutants, such as
herbicides and pesticides (164,186,189,258,259).

The iron photocatalytic cycles have relevant activity in nature
not only due to their cleaning and disinfection functions (203)
but also for inducing key biological processes, including amino
acid synthesis, oxygen transport, respiration, nitrogen fixation,
methanogenesis, the citric acid cycle, photosynthesis, and DNA
biosynthesis. Moreover, the vast majority of bacteria require for
growth iron in a definite oxidation state (260).

It is now realized that copper as metal next to iron and
chromium participates in photoredox cycles and its role cannot
be ignored. The most important part of the cycle is photoreduc-
tion of Cu(II) to Cu() induced by solar light and oxidation of
ligands to their environmentally benign forms. Then Cu(l) is
easily re-oxidized to Cu(Il), which can coordinate the next
ligand molecule, and thereby the Cu photocatalytic cycles con-
tribute to continuous environmental cleaning. Besides oxida-
tion/reduction, other critical processes relevant to the copper
cycles are adsorption/desorption and precipitation/dissolution
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that control the Cu environmental speciation and thus its bio-
availability and toxicity.

The role of chromium compounds (Fig. 4b) is quite special.
Although two photons are needed to excite two different Cr forms
in one cycle, each photoreduction entails an organic pollutant
oxidation, which possibly means higher efficiency and larger
diversification of degraded pollutants. Moreover, the processes
result not only in the degradation of organic compounds but also
assist in decreasing the concentration of chromate(VI), one of the
most dangerous and toxic pollutants.

Beside monometallic cycles, mixed metal systems are also
active in nature. The cooperation between the photocatalytic
cycles of two transition metals can lead to diversification of the
degraded pollutants, but their efficiency can be either higher or
lower compared to that of the single metal cycle.

Photocatalysis of the mixed Cu(Il)/Fe(III)/TiOy/edta system
was investigated and edta photooxidation was found
accompanied by simultaneous metal cation reduction, the rate
of which was directly correlated with the initial Cu(II) concentra-
tion (229).

In aspect of its toxicity, any pathway leading to abatement of
chromate(VI) pollution arouse a vivid interest. One of such pat-
hways seems to be created by cooperations between the iron
and chromium photocatalytic cycles, which were reported as
effectively converting chromate(VI) into Cr(III) species. Photo-
chemical coupling reactions between polycarboxylate Fe(III)
complexes and chromate(VI) were studied and strong collabora-
tion between both photocatalysts was demonstrated, which was
significantly = affected by the oxygen concentration
(16,17,95,261). On the other hand, chromium(VI) reduction pho-
toinduced by iron(III) nitrilotriacetate accompanied by nta deg-
radation was found to be independent of the Oy concentration,
whereas the oxidation state of the chromium product depended
on the pH (257).

In the Fe(II1)/Cr(VI)/BPA ternary system (BPA=bisphenol A,
(CH3)2,C(C¢gH4OH)5), simultaneous photocatalytic reduction of
Cr(VI) and oxidation of bisphenol A was observed in the presence
of Fe(III)—OH complexes, and the reaction rate was affected by
Fe(III) and H" concentrations (262).

The study of Cr(VI) photoreduction in the presence of ferric ion
and inorganic anions showed that direct irradiation of acidic
wastewaters containing C1~, NOs ™, and Fe(IIl) is a feasible strat-
egy for eliminating Cr(VI) (263).

A synergistic photoreduction of Cr(VI) and Cu(Il) mediated by
TiO,, or photocatalytic reduction of Cr(VI) and oxidation of
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organic matter by environmental polyoxometallates as
photocatalysts may constitute alternative possibilities (264).

VI. Concluding Remarks

The mutual stimulation of scientists coming from different
disciplines, viz. photochemistry, electrochemistry, coordination
chemistry, analytical chemistry, biology, medicine, material
chemistry, surface science, electronics, and catalysis, resulted
in the extremely rapid development of photocatalysis (265). This
review shows the fast progress made in our understanding of the
processes occurring in nature that are catalyzed by metal
complexes and driven by solar energy, and demonstrates their
general trends and fine details.

In the environment there are two general opposing trends, viz.
to build organic substances from carbon dioxide and water in photo-
synthesis, and to decompose them by O oxidation, photocatalyzed
by transition metal compounds. The photocatalytic cycles may
be treated as “anti-photosynthesis” as they consume atmospheric
oxygen and organic compounds and thus disperse energy
accumulated by photosynthesis. These processes are of vital impor-
tance, because theoretically, most atmospheric oxygen could be con-
sumed, which would be a threat to life on Earth. Fortunately,
photosynthesis is dominating in nature and photocatalysis by
transition metals plays a minor, although a very useful, role in
cleaning the environment from the excess of useless and harmful
organic matter. The natural processes may as well be used in envi-
ronmental protection procedures of the pollution abatement and in
solar purification of water in arid countries.

The relevance of photocatalysis in solving the environmental
problems manifests itself in effective degradation of many
pollutants, which are not sensitive to biodegradation, like the
majority of synthetic polymers, among others poly(V-
vinylpyrrolidone) (PVP) (266).

Moreover, the environmental systems demonstrate unique
diversity and versatility of the processes depending on the actual
conditions, viz. the reaction directions and rates are sensitive to
many diverse parameters, sometimes even difficult to be per-
ceived. The example may be the dependence of the photocatalytic
activity of Sr—Al—Nb—O double perovskite on the cation order-
ing in the oxides (267), or the effect of the in-plane twist of the
quinoline-based co-ligand on the thermal stability and yield of
NO photorelease from the [Ru(NO)]® nitrosyl complexes (96).
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Environmental photosensitization processes may be stimulated
not only by natural but also by anthropogenic pollutants, such as
phenols and dihydroxybenzenes, which are efficient
photosensitizers. Among others, phenol was found to sensitize
the dehalogenation of halogenophenols (268). This behavior shows
that the simultaneous presence of the adequate sensitizer and
quencher in polluted environment can lead to the photosensitized
decomposition of the latter and thereby to pollution abatement.

One of the most relevant activators is traces of solid
semiconductors present in atmospheric or hydrospheric com-
partments. This role may be played not only by typical
semiconductors but also by many different substances even des-
sert sand and volcanic ash (23-25,269-271).

The self-cleaning mechanisms by photocatalysis and photosen-
sitization apply also to organic matter included in
microorganisms, thus it can also lead to environmental self-dis-
infection. This is especially expected in the vicinity of a semicon-
ductor (especially TiO,) and/or iron deposits, which are
responsible for solar photogeneration of reactive oxygen
substances capable of water disinfection (272-275).
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ABSTRACT

The cleavage of the ubiquitous and abundant molecules H5O,
CO, (or CO5*~, respectively) and N2 is of is of considerable inter-
est. Owing to their stability this splitting should be facilitated by
light and may thus be applied for solar energy utilization. Under
ambient conditions the direct photocleavage can certainly not be
accomplished but assistance by suitable redox-active metal
complexes is conceivable. Light absorption should induce charge
redistribution between metal and molecules to be split. CT excita-
tion is expected to initiate the generation of redox products in
the first photochemical step. Indeed, the redox couples Os"Cpy/
0sVCp, with Cp = cyclopentadienyl anion, Cu(D)/Cu(Il) and
0s"N,0s™/0sV}(N) have been successfully applied to photo cleave
H,0, CO5*~ and Ny, respectively. Future attempts are directed to
improve the efficiency of these photoreactions. In particular, the
inclusion of such reactions in photocatalytic cycles is a challenging
task.
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|. Introduction

The reactivity of the ubiquitous and abundant chemicals H,O,
CO,, and Ny is of fundamental importance in its own right but
also with regard to applications related to climate change and
utilization of solar energy. A rather significant aspect of this
chemistry deals with the splitting of these molecules, for
example

2H50 — 2Hj3 + Oq (1)
CO, — CO -1—%02 (2)
Ny + 3H, — 2NH; (3)

Owing to the simple composition and structure of HyO, CO5, and
Ny, this chemistry might be expected to be simple, too. However,
due to the extreme stability of these species their splitting is
rather difficult to achieve, at least under ambient conditions
and requires a sophisticated mechanism and much energy. It is
an attractive idea to supply this energy by light (solar energy).
Nevertheless, the direct activation and cleavage need light of
extremely short wavelength (<200 nm), which is usually not
available at ambient conditions. Accordingly, some type of long-
wavelength sensitization is required to photochemically split
the very strong bonds in these molecules. Guidelines may be
derived from natural photosynthesis:

1
COy + HyO — E (CHQO)n 4+ O (4)

The electrons that are provided by photosystem I are finally used
to reduce CO, to carbohydrates, while in photosystem II, water is
oxidized to oxygen. Intense research over many decades has par-
tially revealed the extremely complicated mechanism of natural
photosynthesis. It follows that it is obviously rather difficult to
imitate this in an artificial photosynthesis that is intended to
convert and store solar energy in simple but energy-rich
chemicals. Different approaches have been developed to solve
this problem (I). It has been suggested to facilitate artificial pho-
tosynthesis by the assistance of redoxactive metal complexes in
homogeneous systems. Generally, photoredox reactions of metal
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complexes are initiated by CT excitation, which in simple cases
leads to a one-electron transfer between metal and ligand or
another substrate (2,3). Accordingly, radicals are generated that
are very reactive. They undergo various secondary reactions
including recombinations. In principle, such one-electron
photoredox reactions can be combined to produce relatively stable
products that are formally the result of a multielectron transfer.
However, to put this in reality is extremely difficult. Fortunately,
such interferences may be avoided by the introduction of suitable
metal complexes that undergo multielectron transfer (4).

There are essentially two possibilities to accomplish two-elec-
tron or multielectron transfer at metal complexes without forma-
tion of one-electron transfer intermediates (e.g., radicals).
Appropriate metal centers should have available stable oxidation
states that differ by at least two units. Typical examples that
represent such photoredox reactions are reductive eliminations
such as (X~ =halide, pseudohalide) (5):

[PV (CN), X, om [Pe(oN), | X, (5)

LMCT (X~ to Pt'V) excitation is associated with a shift of electron
density from X~ to PtV but finally yields Pt(II) because Pt(III) is
not easily accessible. In cases that are restricted to one-electron
transfer at single metal centers a simultaneous multielectron
transfer can be achieved by assembling two or more metal
centers in binuclear or polynuclear complexes (4). This applies,
for example, to the redox couple Fe(Il) and Fe(II)
(PctsHy, =phthalocyaninetetrasulfonate) (6):

(Pets)Fe™ (0927)Fe'! (Pcts) Lt 2Fe!!(Pcts) 4 O (6)

LMCT (052~ to Fe''!) excitation finally leads to the formation of
Fe(II) and molecular oxygen.

In conclusion, photochemical multielectron transfer of metal
complexes has been frequently studied with the intension to real-
ize artificial photosynthesis. In the following sections, this is
emphasized when appropriate. However, such reactions are also
very interesting in their own right and are described below
irrespective of particular applications.

Il. Water Splitting

Photochemical water splitting (1,7) can be viewed as the sim-
plest version of artificial photosynthesis:

2H,0 — 2H, + Oy, AH = +289kJ (7)
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Numerous molecular metal complexes have been examined as
photocatalysts in homogenous solution. The reduction of water
to hydrogen and the oxidation to oxygen can be studied as inde-
pendent processes. The photoreduction of water or protons to
hydrogen is a two-electron transfer that may be mediated by var-
ious mononuclear and binuclear (or polynuclear) metal
complexes. They can undergo an oxidation to a stable oxidation
state that is higher by two units. A prominent type of a metal
complex that generates H, is a hydride complex which undergoes
reductive elimination upon irradiation, for example (7,8),

Ir'™'C1(H"),(PPhs), ™ Ir'C1(PPhs), + Hy (8)

Generalblff hydride is an electron donor or reductant. Accordingly,
(H™ to Ir'™) LMCT excitation could initiate the observed photoly-
sis. However, how can this photoredox reaction be related to water
or proton reduction? While various hydride complexes undergo
such a reductive elimination of Hy their synthesis is generally
based on complicated procedures and cannot be formed by a sim-
ple reaction with water or protons in aqueous solution (8).

Even more difficult, the photooxidation of water to oxygen is
associated with the transfer of four electrons. In natural photo-
synthesis, this is accomplished by photosystem II, which
contains a tetranuclear manganese cluster as active oxidation
center. In artificial systems, various complexes have been shown
to generate oxygen upon irradiation (9). This applies also to per-
manganate but the mechanism of oxygen release seems to be a
sequence of quite complicated steps (10). An interesting example
is a binuclear complex containing the Fe™OFe™ moiety, for
example (edta=ethylendiaminetetraacetate) (11):

4— ¢ 2—
2 [(edta)FeHI —0- Fe“‘(edta)} i [(edta)FeH] +0, (9)

It is suggested that (0?~ —Fe!) LMCT and/or (Fe™— Felll)
MMCT excitation initially leads to the disproportionation of Fe(III).

[(edta)Fe™ — 0 - Fem(edta)r* — |(edta)Fe’— O] -
N (10)
+ [(edta)FeH}

The oxoferryl fragment Fe'VO is not stable. The subsequent reac-
tion of two such complexes yields Fe'' and oxygen:

2|(edta)FeV— O} - — 2 [(edta)FeH} . + Oq (11)
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This reaction is facilitated by the high oxidizing power of Fe(IV).

When suitable independent reactions for the reduction and oxi-
dation of water are available, it still would not be simple to com-
bine them to a cyclic process with Eq. (1) as net reaction.
Accordingly, it is desired to perform reduction and oxidation by
an interconvertible redox pair based on the same metal complex.
This background motivated our recent study with osmocene
(OsCps, Cp~ =C5H;5 ) as photoredox catalyst (12).

A. WATER SPLITTING BY LiGHT WITH OSMOCENE AS PHOTOCATALYST

Osmocene dissolves in water only in the presence of acids. The
protonation of osmocene leads to the formation of a well-known
hydride complex Eq. (12) (13):

<=
==

Generally, osmocene is not light sensitive, but undergoes a pho-
tolysis in acidic (e.g., HoSO, or HBF,) aqueous solutions. The
irradiation with UV-light (1;,,=254 nm) is accompanied by char-
acteristic spectral changes (Fig. 1) that unambiguously indicate
the formation of [Cp,Os™Os™MCpyl?t (14). Simultaneously,
hydrogen is released. Both photolysis products are formed
approximately in a 1:1 ratio. This photoreaction can thus be
described by a simple stoichiometric equation:

H (12)

+ by 2+
z[cpZOSW(H*)} ﬂ[cpzosm—OSmeQ] YH,  (13)

Product formation could take place via the intermediate forma-
tion of a radical pair:

{Cp2OsIV(H*)} LR [CPZOSIII} + +H —atom 2
14
[szosm _ ogt! Cp2] 2+ LH, (14)

However, this reaction path can be excluded since [CpyOs™]"
radicals disproportionate immediately under these conditions
(see below) Eq. (15):
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Fic. 1. Spectral changes during the photolysis of 2.37x10 *M
osmocene in 5 M HoSO,4 under argon at room temperature after 0 min
(a), 20, 40, and 80 min (b) irradiation times with A;,=254 nm 1-cm cell.

2[Cp,0s™"] . [Cp,0s"| ' 4 Cp,Os! (15)

Accordingly, we suggest that the photolysis is preceded by a

reversible dimerization of the hydride complex that subsequently

undergoes a reductive elimination without the formation of
radicals:

V"~ v Vo 125y

2[Cp20s H )} ud [CpZOS H.. -HOs cpz} it

III I ¥ (16)

[cp20s e sz} +H,

This special type of a hydrogen bonding has also been considered
to occur in other cases (15). Since this bonding is certainly rather
weak, the monomer is expected to prevail in the equilibrium. The
apparent quantum yield for the formation of [CpsOs™0s™Cp,]?*
amounts to $=10"2 (=254 nm). However, it must be taken
into account that the photoactive dimeric hydride complex is
probably present only in small concentrations while the mono-
mer absorbs most of the light. A comparable photolysis has been
described earlier but without discussion of the mechanism:
2HIr (PF3)y — Hy + (PF3)Ir’ — Ir%(PFy), (16).

In coordinating solvents (L) such as CH3CN the Os(III) dimer
is well known to undergo a slow disproportionation Eq. (17) (14):

2+ 2+
Cp,0s™ — osHIch] + L — Cp,0s™ + [cpzosWL} (17)
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This reaction proceeds also photochemically as indicated by the
concomitant spectral changes that are identical in both cases.
When the irradiation is carried out in acidic solution (L =H,0)
comparable spectral variations are observed. Since the photolysis
products are apparently stable under these conditions and inter-
fering inner-filter effects are absent the photolysis can be per-
formed to completion. The Os(III) dimer disappears with
$»=8x10"2 at Ay,=436 nm. Disproportionations of this kind
that take place as a consequence of the photochemical splitting
of a metal-metal bond are an important reaction type in organo-
metallic chemistry (17,18).

The stoichiometry of Eq. (17) has been confirmed experimen-
tally. Osmocene was extracted from the acidic solution with hex-
ane and spectroscopically identified (19) as well as quantitatively
determined. The comparison of the spectra of the extracted sol-
utions of the photolyzed samples and those kept in the dark
yielded a molar ratio of nearly 1:1.

When the photolysis of [Cp.Os'VH]" is performed with white
light instead of UV light the spectral variations do not follow a
simple pattern because the primary photolysis of the hydride
complex and the secondary photolysis of the Os(III) dimer are
superimposed. The combined photolysis with white light proceed
then according to the equation

2
Cp,0s" + 2H" + Hy0 — Hy + [CPZOSIV(Hzo)] : (18)

The aqua complex (L=H50) is apparently light stable and does
not undergo any further photolysis. Various salts with the cation
[Cp2Os'VL]** (L=halide or coordinating solvent) have been
prepared and characterized by Taube and coworkers (14). The
reddish brown hydroxo complex [CpyOs!V(OH)]PFg described by
Fischer and Gruber (20) is also a compound of this type. Aqueous
solutions of this salt are acidic and light sensitive. They are
bleached upon irradiation with visible light. As photoproducts
only osmocene and oxygen could be detected. From the spectral
changes it can be deduced that the hydroxo complex is converted
to osmocene nearly quantitatively. In addition, osmocene and
oxygen are formed in the molar ratio 1:0.5. These observations
are consistent with the equation:

[cpZOSIV(OH)} " 0p, 08T + %Oz +HY (19)

The quantum yield for the disappearance of [CpyOs!V(OH)]"
amounts to ¢=2x10"3 (};,,=405nm). In the solid state, this
complex apparently undergoes this decomposition also ther-
mally, but only at 185°C (20). In the photolysis, oxygen is
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generated in the singlet state, at least partially. When the pho-
tolysis is carried out in acetonitrile in the presence of
diphenylacetylene, benzil was formed and identified by its char-
acteristic luminescence at A,,.,=507 nm. The addition of Oy to
diphenylacetylene has been previously used for the detection of
singlet oxygen (21).

We suggest that the photolysis of the hydroxo complex consists
of the following consecutive steps:

Cp,0s"V(OH)| " = Cp,0s"'— 0 + H* (20)
2Cp,0s"Y = 0 — Cp,0s0,0sCp, (21)
Cp,0s0,0sCp, % 2Cp,0s™ + 0, (22)

The electronic structure of the fragment [0sO50s]*" is not clear.
However, we assume that this binuclear cation exists as peroxo
complex, Cpe0s™(0,27)0s™Cp,. Binuclear peroxo complexes of
this type frequently photolyze under elimination of oxygen in
general and 'O, in particular (22).

Recently, we have studied such a photoredox reaction (6) that
proceeds in analogy to the photolysis of the binuclear osmium
complex Eq. (23):

_ hy/LMCT
(porphyrin)Fe™ (052" )Fe' (porphyrin) K

2(porphyrin)Fe!l + O, (102)

In this context, it is of interest that the complex [CpeOs™(Se27)
Os™Cpy)?* is apparently not stable but thermally decomposes
to osmocene and sulfur (23). In any case, the product formation
is certainly facilitated by the high stability of osmocene.

In summary, the photochemical water splitting can be
described in a simplified version by the cyclic process shown in
Scheme 1.

The protonation of osmocene (Eq. 12) can be viewed as an oxi-
dative addition leading to the formation of Os(IV). Since Os(IV) is
an oxidant, the complex Cp,Os'VH™ should be characterized by a
(H_—>OsIV’) LMCT transition at relatively low energies.
Although a corresponding absorption band was not identified
the photolysis of the hydridic complex (Eq. 12) seems to originate
from such a LMCT state. Moreover, [CpyOs!V(OH)"
should have available a low-energy (OH™ — Os!Y) LMCT state.
The corresponding LMCT absorption of the hydroxo complex or
its deprotonated form Cpy;Os 'O appears at Ap..=390 nm.

(23)
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+ H*
H* + 120, ,ml
hv
[Cp,0s"OH]* [Cp,0s™(H)I*
hv
[Cp,0s"]** 112H,

OH~
ScHEME 1. Photochemical water splitting.

Finally, LMCT excitation leads to the reduction to Os(II) and oxi-
dation of hydroxide, oxide, or peroxide to oxygen.

It is apparent from Scheme 1 that the reductive and oxidative
part of the water splitting by osmocene shows interesting
analogies to photosystems I and II of natural photosynthesis
which also take place as separate processes.

[ll. Carbon Dioxide Splitting

For artificial photosynthesis most efforts have been devoted to
photochemical water splitting (Eq. 7) while other possibilities
have also been considered. Natural photosynthesis

CO, + HyO — %(CHZO)n + 0, AH=+470kJ  (24)

yields carbohydrates as energy-storing products (Eq. 24). Sur-
prisingly, very little is known about photosplitting of CO5 Egs. (2)
and (4) as another simple version of artificial photosynthesis.

CO, — CO + %OQ, AH = +238kJ (25)

CO, + Hy0 — CO + Hy0,, AH = +281kJ (26)

Equation (26) can be easily transformed to Eq. (25) by dispropor-
tionation of hydrogen peroxide. It is quite interesting that the
products of reaction (25) have been labeled as carbon monoxide
detonating gas more than 70 years ago (24). This emphasizes also
the analogy of splitting water (Eq. 7) and carbon dioxide (Eq. 25).
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A. PHOTOREDUCTION OF CARBONATE IN A CopPPER(])
PuospuiNE CoOMPLEX

The photoreduction of CO5 to CO by metal complexes has been
studied in some detail (25-27). Frequently, complexes that contain
CO; as ligand have been examined. In general, such complexes are
not available by simple procedures. In this context, it is quite
surprising that the photoreactivity of carbonate complexes has
been investigated only to a rather limited extent although the pho-
toreduction of carbonate ligands has been anticipated (28).

Carbonate complexes are known since the beginning of coordi-
nation chemistry. Generally, theg are rather stable and easily
accessible. The reduction of CO3“~ to CO should be facilitated
in mononuclear or binuclear carbonate complexes with metal
centers that provide two excess electrons. The requested photo-
excitation corresponds to an MLCT transition that terminates
at the carbonate ligand as acceptor. However, MLCT absorptions
of this type are unknown. They are expected to occur at very
short wavelength since the n* acceptor orbital of CO5>~ is cer-
tainly located at rather high energies (29).

As a sultable candidate, we selected the complex (prophos)
Cu'(CO3)Cul(prophos) (I) (Scheme 2) with prophos=1,3-bis(diph-
enylphosphlno)propane for a recent study (30).

Copper(I) is a MLCT donor and as a d'° metal it has not avail-
able interfering LF states (31). The oxidation of both metal
centers to Cu(Il) leads to the release of two electrons that are
required for the reduction of carbonate to CO. Our expectation that
complex I should photochemically split off CO was based on various
observations. The thermal release of CO from COs, catalyzed by Cu
(I) at higher temperatures was already reported in 1976 (32,33).
Quite recently, a related reaction has been dlscovered (34). More-
over, complex I shows certain analogles to (Pd3)eCul(NO3) (35). As
CT acceptor, it contains NO3~, which is isoelectronic to CO52". In
this case, the irradiation leads to the population of a reactive MLCT
state that initiates the oxidation of Cu(I) and the reduction of
nitrate. The triphenylphosphine ligand does not only serve to

(prophos)Cul(CO3)Cul(prophos)

PPh, Ph,P
/Cu'(u-CO%‘)Cu'
PPh, Ph,P

SCHEME 2.
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stabilize Cu(I) but provides also an IL state for li,ci,rht absorption. For
our purpose, the complex (Pd3)Cul(p-CO527)Cul(Pd3), should be a
suitable candidate. It was synthesized and characterized already in
1995 (36). For further stabilization we replaced P¢ds by the
bidentate ligand prophos.

Complex I is colorless, well soluble in organic solvents and does
not decompose in humid air. The absorption spectrum of I
Umax=279nm; £=15400M 'em ! and  Ap..=268 nm;
£=16,800 M 'cm™ ') in CH;CN (Fig. 1) remains unchanged for
days. However, I is light sensitive. The irradiation is accompanied
by spectral variations including an isosbestic point at 231 nm
(Fig. 1). During the photolysis a continuous decrease of the
absorption at 4>231 nm takes place. The photoproduct shows a
characteristic spectrum (Fig. 1) with a maximum at 263 nm and
further features at A,,.,=256, 271, 284, and 296 nm. Complex I
displays a weak luminescence at A, =440 nm (Fig. 2), which dis-
appears during the photolysis and is replaced by a much more
intense luminescence at A,,.x=304 nm (Fig. 2). Further, maxima
appear at 282 (sh), 290, and 318 nm (sh).

The absorption and emission spectrum of the photolyzed solu-
tion can be unambiguously attributed to 1,3-bis(diph-
enylphosphino)propane monoxide (prophos oxide, II) as shown
by comparison with the spectra of an authentic sample of II.
The phosphine oxide IT is formed with a quantum yield of

0.8

0.4 +

b
0.0 T T T T T T >

210 260 310 360
A (nm)

Fic. 2. Spectral changes during the photolysis of 2.68 x 105 M (pro-
phos)Cul(CO5)Cul(prophos) in acetonitrile at room temperature under
argon at 0 (a), 15 and 40 min (b) irradiation times with A;,=313 nm
(Osram HBO 200 W/2 lamp), 1-cm cell.
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¢=0.01 at 4;,,=313 nm. Even at higher concentrations of I char-
acteristic LF bands of Cu(II) cannot be detected in the spectrum
of the photolyzed solution.

The photolysis of I is accompanied by the formation of a gas
that already in the beginning becomes visible as small bubbles.
This gas is not COy but CO. The photolysis can be described by
the simple stoichiometric equation:

COg + prophos — CO + prophos monoxide (27)

On the basis of our observations and further considerations we
suggest that the photolysis proceeds by the following molecular
mechanism. In analogy to other Cu(I) phenylphosphine
complexes (37) including (Pds3)eCul(NO3) (35) the long-wave-
length absorption of I is attributed to an IL (phosphine) transi-
tion. Accordingly, the irradiation of I is associated with an IL
excitation. Partially, the deactivation leads to an IL lumines-
cence (Amax =440 nm). The IL emissions of comparable complexes
(37) such as (Pd3)eCul(NO3) at Amax=450nm (35) or
[Cul(prophos)e]t at Amax=430 nm appear in the same spectral
region. Another deactivation path terminates at a reactive
(Cu' - C0O5%7) MLCT state which with participation of a suitable
vibration leads to the dissociation of CO from the carbonate
bridge (Fig. 3).

According to this description, the release of CO should be
accompanied by the generation of a CuO,Cu moiety in the pri-
mary photochemical step. This fragment may contain Cu'(0,2")
Cu! or its redox isomer Cu'(0%?7),Cu'. Calculations have shown

MLCT (Cu! —» co?)

IL
prophos

CuO,Cu+CO

-

Fic. 3. Potential energy diagram for the ground state and the lowest
energy excited states of (prophos)Cu'(CO3)Cu'(prophos).
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that they are close in energy, although such complexes are
unknown (38,39). Since the CuO,Cu fragment should be quite
oxidizing it is not unexpected that it undergoes an oxygen trans-
fer to a phosphine in agreement with our observation. It is well
known that a variety of oxygen transfer agents are able to con-
vert phosphines to phosphine oxides.

B. SpLITTING OF ALKYL CARBONATES PHOTOCATALYZED BY COPPER
HyproTRIS PYRAZOLYLBORATE COMPLEXES

While indeed a clean photoreductlon of CO5%>~ to CO in the
complex (prophos)Cu'(CO3)Cul(prophos) was observed the con-
comitant oxidation did not yield oxygen or hydrogen peroxide
but phosphine oxide (30). In order to prevent this dead end, pho-
sphines have to be replaced by ligands that do not act as oxygen
atom acceptors. For this purpose we selected the tridentate
ligand hydrotris (3,5-dimethyl-1-pyrazolyl)borate (Tp*) as a suit-
able ligand (40). Various Cu(I) and Cu(Il) complexes of Tp* or

other Tp derivatives have been prepared and characterized
(41-45). Unfortunately, we were not able to obtain simple car-
bonate complexes of the Cu'Tp* moiety (Structure 1). In the pres-
ence of CO52~, Cu'Tp* underwent a decomposition.

However, Cu'Tp* (41-45) can be dissolved in an aqueous solution
of carbonic acid esters CO(OR); with R=CHj;, CoHs;, and
% CHyCHy without decomposition. The photolysis of these sol-
utions smoothly proceeds according to Eq. (5).
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2Cu'Tp* + CO(OR), + 2H,0 — Tp*Cu® (u—OH),
Cul'Tp* + CO + 2ROH

The photoreduction to CO was also observed when CO(OR),; was
replaced by urea. A detailed analysis was carried out for the pho-
tol¥51s in the presence of dimethyl carbonate The irradiation of

(rmax—279 nm; £=16,180M 'em ! and /,,.,=227 nm
(sh) 8—8600 M lem™ 1) in a water/d1methylcarbonate mixture
was accompanled by spectral changes (Fig. 4) that indicated a
clean conversion to Tp*Cu'(OH);Cu"Tp*. The spectrum of an
authentical sample of this complex (42) shows absorptlons at
Amax=260nm, £€=6800 and A,,x=653nm, =120 M~
Moreover, a gas was formed that already in the beg’lnmng
becomes visible as bubbles. This gas is not COy but apparently
CO. The quantitative determination of the gas was carried out
by measuring the volume with a gas burette. The stoichiometric
ratio of Tp*Cu'(OH);Cu''Tp* to CO was found to be roughly 1:1
confirming the product ratio in Eq. (5). The g[uantum yield for the
disappearance of Cu'Tp* was ¢=1.5x10">+5% (Jjrr =313 nm).
At later stages of the photolysis, secondary reactions took place
as indicated by the irregular pattern of the spectral changes
and the loss of the isosbestic points at 230 and 440 nm.

(28)

A a
1.0
0.5 b
b
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Fic. 4. Spectral changes during the photolysis of 6.89x 10 °M
Cu'Tp* in a water/dimethylcarbonate mixture under argon at room
temperature after 0 min (a), 40, 80, and 160 min (b) irradiation times
with ;. >290 nm, 1-cm cell, spectral region 450-800 nm with 10-fold
extension of absorbance.
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The primary photoproduct Tp*CuH(OH)ZCuHTIp"< is itself also
photoactive. The photolysis of Tp*Cu(OH);Cu''Tp* in CH3CN
at rather low concentrations (<10~ *M) was accompanied by
spectral changes that are roughly the reversal of those in Fig. 4.
At higher concentrations of Tp*Cu(OH),Cu''Tp*, this photoly-
sis led to the precipitation of Cu!Tp*, which is rather insoluble
in most solvents. It was identified by its absorption and emission
spectrum with A,.,=594 nm. As further products O, and H50,
were detected and determined. The ratio of HyO5 to O, decreased
with increasing irradiation times. After extensive photolysis
essentially only oxygen was detected while in the beginning only
H,O, was apparently formed. A quantitative analysis roughly
established Eq. (29) for this photolysis after short irradiation
times.

Tp * Cu® (u-OH),Cu'Tp* — 2Tp*Cu’ + H20y (29)

The quantum  yield for the disappearance of
Tp*Cu(OH),Cu'Tp* was ¢ =3 x 10~ 3 at A;,, =313 nm. The com-
plex was not light sensitive upon long wavelength irradiation
(A>450 nm) in the region of the Cu(Il) LF bands.

It follows from Egs. (28) and (29) that the photosplitting of
dialkyl carbonates should be catalytic. This is expressed by
Eq. (30) or (31), which includes the disproportionation of HyO,.

CO(OR), + 2H,0 — CO + H,0, + 2ROH (30)

CO(OR), + H,0 — CO +%o2 +2ROH (31)

Indeed, extended irradiation (. >290 nm) of Cu'Tp* in CO(OR)s/
H,0 mixtures was associated with formation of CO exceeding the
amount calculated for Eq. (28) with TON > 5. The limitation of
photocatalysis in our system is apparently caused by an
accompanying irreversible photodecomposition of Cu(I) and/or
Cu(l) Tp* complexes as indicated by the precipitation of a
slightly colored material after continued irradiation.

At this point a few comments about the mechanism of the pho-
tochemical splitting of carbonate are appropriate. We suggest
that in agreement with the excited state properties of Tp
complexes in general (46,47) the photoexcitation of Cu'Tp* leads
to the population of an IL excited state followed by electron
transfer to the carbonate. A radical anion is thus formed as an
intermediate which is subsequently reduced by a second Cu!Tp*
complex forming CO. Simultaneously, two Cu''Tp* fragments
are generated as oxidation products. Under these conditions
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(Eq. 28) they combine to the well-known binuclear hydroxy-
bridged complex Tp*Cu(OH),Cu''Tp* (42). Generally, Cu(II)
complexes have available low-energy LF and LMCT states.
While Cu(II) LF states are not reactive, LMCT states initiate
the reduction of Cu(Il) to Cu(I) and oxidation of ligands (48,49).
As a reductive elimination of HyO5, Eq. (6) finds a logic explana-
tion in this way. Reductive elimination of two hydroxide ligands
yielding HoO5 has been reported previously (50,51). Another
observation related to our work is also quite important. The pho-
tolysis of Tp*Cu'OCu'Tp* in the presence of dimethyl sulfide or
cyclohexene is accompanied by oxygen transfer to these organic
substrates (52).

In summary, the photocatalysis Eq. (30) or (31) can be consid-
ered as proof of principle for photocatalytic splitting of CO3%~
or COy itself (Eq. 3 or 4). However, in order to improve this pho-
tocatalysis, a few shortcomings of the present system should be
mentioned. Of course, alkyl carbonates or amides (urea) must
be replaced by CO3%". Since carbonate complexes of Cu(I) are
known (36), the instability of CuTp*/CO3%~ mixtures is probably
associated with the Tp* ligand. Accordingly, Tp* should be rep-
laced by another ligand that forms also stable Cu(I) and Cu(II)
complexes but does not facilitate a decomposition in the presence
of carbonate and the photooxidation of the spectator ligand as it
takes place in the case of copper phosphines (see above).
Finally, the present system needs UV light, but this is certainly
not an inherent energy requirement. An intermolecular or
intramolecular long-wavelength sensitization might circumvent
this problem.

IV. Dinitrogen Splitting

The lack of reactivity of dinitrogen which complicates its chem-
ical conversion has been a challenge to chemists for many
decades (53,54). This difficulty is based on the extreme stability
of the nitrogen—nitrogen triple bond. The huge energy difference
between HOMO and LUMO (23 eV) makes Ny rather redox inert.
Moreover, the conversion of Ny to simple species, such as ammo-
nia or nitride, requires the transfer of six electrons. Such multi-
electron transfer processes are generally associated with large
activation barriers. Nevertheless, the reduction of N, to NHs
occurs in nature through the utilization of the enzyme nitroge-
nase as catalyst. This conversion also takes place in the
Haber—Bosch process; however, extreme conditions are required.
However, this catalysis occurs only under extreme conditions.
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Accordingly, it is of considerable interest to accomplish this reac-
tion at ambient conditions. In principle, catalysis can be replaced
by a photochemical procedure. The activation energy is then sup-
plied by light. In favorable cases, the photoactivation is selective
and avoids interfering processes. Moreover, light may not only
provide the activation energy but also the energy for an endo-
thermic reaction that does not occur in catalysis at lower
temperatures.

In this context, it has been reported that (Mes)sMo=N=N=Mo
(Mes); with Mes=2,4,6-MesCgHy is light sensitive and the pho-
toproducts imply the intermediate formation of (Mes)sMo=N
(565). This photolysis was carried out under conditions that are
usually applied for synthetic purposes. It may be thus difficult to
elucidate the photochemical mechanism. For example, the photol-
ysis mentioned above was performed for 18 h. In such cases, the
photoproducts could be the result of subsequent reactions that
may not be easily related to the primary photochemical steps.

Quite recently, a detailed study of the thermal and photochem-
ical reactivity of (u-Ng)[Mo(N|tert-Bu]Ar)s]s has been reported by
Cummins et al. (56). It is rather interesting that the Ny bridge is
thermally cleaved to generate the nitride complex NMo(N [tert-
Bu]Ar)s while the photolysis leads to the same result, but in a
second reaction path also liberates Ny yielding Mo(N/[tert-Bu]
Ar)s. The ground state of the u-No complex has been suggested
to contain the MoNNMo fragment implying that dinitrogen is
present in a reduced form. The nature of the reactive excited
state is not immediately obvious and could be identified only by
density functional theory (56). In contrast, the reductive splitting
of the NN triple bond in a molecular complex is certainly much
more difficult to achieve and has previously not yet been
accomplished, neither thermally nor photochemically.

Accordingly, we decided to examine a binuclear complex with
a bridging N ligand that largely preserves its integrity as din-
itrogen molecule. For this Jjurpose, we selected the cation
[(NH;)50s™(u-N3)Os"™(NH;)51°* (57,58) (I) for a recent study (59).

A. PnHOTOREDUCTION OF Ny IN A BINUCLEAR OsMium COMPLEX

The cation [(NH3)50s™(u-N3)Os™ (NH;)51°* (59) (scheme 3)
offers several attractive features.

This complex offers several attractive features. It is easily
accessible and rather stable in aqueous solution in the absence
of light. Owing to the intense color of I its disappearance can
be precisely monitored. Although it is a mixed-valence system
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A I A 5+
A Cl) I p,\\l =N (l) |||/A
s's—N=N—0s""—A| (A=NH,
A/‘ A/‘
A A

SCHEME 3.

with considerable electronic delocalization between both metal
centers, the triple bond of free N5 is also present in the coordi-
nated state as indicated by vibrational spectroscopy. Finally,
the splitting of Ny in the complex can be anticipated to proceed
by a simple intramolecular redox reaction that produces only
one excess electron that can lead to complications (Eq. 32):
3+
(NH3)50sH(u-Ng)OsHI(NH3> 2 [osVI (NH3)4N}
+2NHs + le™ (32)

The expected photoproduct [Os(NH3)N]?>" is also quite stable
and well characterized (60-62). In this context, it should be
stressed that the reverse reaction has been observed as photo-
chemical (60,61) and thermal (63,64) process. It is obviously
much easier to couple two nitride complexes containing the
OsVIN| moiety to a binuclear N5 complex owing to the extreme
stability of the NN triple bond.

The irradiation of I (absorption spectrum (5): Apa.x =700 nm,
€=4000 M ' em % J,..=260 (sh), £=21,000; and
Amax =238 nm; £=41,000) is associated with a bleaching of the
green color owing to the disappearance of the 700 nm absorption
(Fig. 1). While I is not luminescent, the photoproduct shows an
orange emission at A,.,=570nm (Fig. 2) which grows with
increasing irradiation time. The emission is attributed to the for-
mation of [OsVI(NH3),NI>* (60-62) II. This assignment is con-
firmed by the excitation spectrum of the photolyzed solution
(Fig. 2), which closely resembles the absorption spectrum
(60-62,65) (Apax=410nm, £=25; Anh.x—325 (sh), &=75;
Amax =270 nm, £€=1350; and A,.x=236 nm, £€=3100), and the
excitation spectrum of an authentic sample of IT (Figs. 5 and 6).

The photolysis of I does not take place upon irradiation of the
700 nm band but only upon shorter-wavelength irradiation
(Zirr <450 nm). The quantum yield amounts to ¢=0.002 at
Jirr=254nm and ¢=0.003 at /;,,=365 nm. Complex I is not
completely converted to II. The molar ratio of I to II was found
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Fic. 5. Spectral changes during the photolysis of 4.1x10 *M
[(NH3)50s™(1-N5)Os™(NH3)5](CF3805)s in 1072M CF3SO3;H under
argon at room temperature after 0 min (a), 30, 60, and 120 min (b)
irradiation times with 2;.,,=250-390 nm (UV filter Schott UG 11/2)

1-cm cell.
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Fic. 6. Electronic excitation (Aer,=570nm) and emission
(Jexe=380 nm) spectrum of 4.1 x 10~ * M [(NH;3)50s(u-No)Os™(NHj)5]
(CF5803)5 in 10~ 3 M CF3SOsH under argon at room temperature after
120 min irradiation time with A;,=250-390 nm (UV filter Schott UG
11/2), 1-cm cell, intensity in arbitrary units.
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to be roughly 1:2. Accordingly, a further Os complex should have
been formed. It was assumed to be [Os™(NH;)5(H,0)%" (see
below) which cannot be identified in the photolyzed solution by
its absorption spectrum. This spectrum consists only of a short-
wavelength shoulder at A,.,=220nm of moderate intensity
(e=1100). However, upon addition of iodide the aquo complex
undergoes a facile substitution yielding [Os™ (NH;);I]%* (66). This
complex shows a long-wavelength LMCT band (A,,,,=407 nm,
£=1970). Indeed, this absorption appears in the spectrum of the
photolyzed solution when iodide is added. The molar ratio of I to
[Os™(NH;)5I]>" was found to be nearly 3. Neither I nor IT was
observed to react with iodide. Ammonia was detected as a further
photoproduct of I. Any interference by I or the constituents of the
photolyzed solution could be excluded. The molar ratio of I to
NHj; was found to be approximately 2. Finally, the photolysis of I
is not accompanied by the evolution of a gas. In contrast, the irradi-
ation of [Os™(NH3)5(N2)]?* leads to the release of Ny (67). In this
case at higher complex concentrations N, appears as gas bubbles
even at the beginning of the photolysis.

The long-wavelength absorption of I at 700 nm has been
assigned to an intervalence transition within the delocalized
0s'/0s™! system while the UV bands have been attributed to
MLCT transitions terminating at the bridging N, ligand (57).
These assignments are also reflected by the photoreactivity of
I. Light absorption by the 700 nm band is not associated with
any photoactivity. In contrast, MLCT excitation leads to the
oxidation of the metal and reduction of N, as anticipated in
Eq. (1). Of course, MLCT excitation and product formation do
not imply the transfer of six electrons to Ny, but only the shift
of electron density owing to the covalent nature of the
complexes. However, the occurrence of this photoredox reaction
is certainly facilitated by the simple stoichiometry of the intra-
molecular photoredox process for the conversion of I to II. In
distinction to I, MLCT excitation of [Os™(NH3)5(N)]*" does
not result in the reduction of Ny but leads only to the release
of N, (67) probably because a simple photochemical mechanism
yielding stable reduction products of Ny is apparently not avail-
able in this case.

The distribution of the photoproducts of I as obtained by ana-
lytical measurements suggests that the presence of an excess
electron in Eq. (1) causes complications. It is reasonable to
assume that the primary photochemical step takes place
according to Eq. (33) since the reversal of this reaction type as
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3+

[(NH;) ;08" (N) O™ (NH);| - |05V (NH), N|
. (33)
+[0sV<NH3)4N | oNH,

thermal (63,64) and photochemical (61,62) process has been pre-
viously observed. The release of ammonia (Eq. 33) occurs due to
the strong trans-effect of nitride.

In distinction to [OsYI(NH3),N]*>*, the complex [Os¥(NH;),N]?*
(68) is not stable and subsequent disproportionations may lead to
product formation, as, for example,

205" (NHy), | — [0sV (NH),N] " + [0s™ (NH;),N] * (34)

9 [OSIV(NHS)LLN} i +38H" + Hy0 — [OSV(NH3)4N} B (35)
n [OSHI(NHS)S(HZO)} >

These reactions or their modifications would result in the follow-
ing overall stoichiometry:

5
3 [(NH3)5OSH(N2>osHI(NH3)5} "1 3H" 4+ H,0 -
(36)
VI 3+ I 3+
5 [os (NH3)4N} ¥ [os (NH3)5(H20)} + 6NH;

The analytical results roughly agree with this equation.

In general, Os'N complexes are not stable (60-62,68) owing to
the fact that Os(V) is strongly oxidizing and reducing (69). In
the absence of a suitable redox partner, Os(V) undergoes dispropor-
tionation to Os(VI) and Os(IV) (see above). Accordingly, it should
also be possible to intercept Os(V) by other redox agents such as
oxygen. Indeed, O, is apparently able to oxidize [OsV(NH3),N]*>"
to [0sVANH;),NI®*. With regard to Eq. (32), oxygen takes
up the excess electron. In agreement with this assumption,
the Vlphotolysis of [(NH;)50s"(u-No)Os™(NH;)51°" yields more
[0sVY(NH3),NI?>" and less [0Os™(NH;)5(H20)]1?" in the presence of
oxygen compared to that which was performed under argon. The
amount of [OsVI(NH;),N]>" increased by 13% when the 5+ ion
(4 x 10~ * M) was photolyzed in the presence of oxygen. This comes
close to a complete conversion (17%).

In the context of these observations, the question arises
what happens when [(NH;3)50s™(1-No)Os™(NH3)51%* (70) is
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irradiated. Does the photolysis take place according to the simple
Eq. (37)?

6 3
(N3, 05 (10N5) 081! (NH ) | . [0sV1(NH;),N " 4 oNH;
(37)

Unfortunately, [(NH3)s0s™(1-No)Os™(NH;)51¢" is rather labile
and undergoes a facile decomposition in aqueous solution even
at 5°C (67,70). Accordingly, a detailed study is very difficult to
perform, but a qualitative experiment is quite revealing. In dis-
tinction to the photolysis of [(NHj)50s(11-No)Os™(NH3);5]%", the
irradiation of [(NHj)50s™(u-N5)Os™(NH;)51%" is accompanied
by the vigorous evolution of nitrogen which takes place also ther-
mally but with a much smaller rate. The photochemical behavior
of the 6+ ion can be explained by its excited state properties. It is
well known that MLCT transitions of Os(III) complexes occur at
much higher energies than those of Os(II) (71). A reactive
(Os—Ny) MLCT state of the 6+ ion is apparently not anymore
accessible by conventional light sources. As an alternative or
additional effect, LF states of the 6+ ion are now populated.
These LF states initiate the release of Ny in agreement with
the general behavior of LF states.

While the photoactivation of dinitrogen in [(NH3)sO0s(u-Ny)
Os'™(NH;)5]°" in an aqueous solution leading to the reductive
cleavage of Ny has been achieved it is of considerable importance
if the nitride ligand of the photoproduct can be utilized for the
formation of useful nitrogen compounds (56). Although the study
of further reactions of [OsVY(NH3),N]>* was not within the
scope of the present investigation, it is well known that OsVN
complexes are able to undergo nitrogen atom transfer reaction
or reduction to Os™ or Os™! (69,72,73). In the latter case, proton-
ation of the nitride ligand yields NHj. In this sense, our
observations can be directly related to the Haber—Bosch process,
which takes place at a solid interphase. In this context, it is of
interest that Schrauzer (74) and Kisch (75) observed the photore-
duction of Ny at TiO,.

In summary, the photolysis of aqueous [(NH3)50s™(Ny)
Os"™(NHj;);5]°" induced by MLCT excitation leads to the reduc-
tive splitting of the bridging N ligand yielding [OsVi(NH3),N]3+
as main photoredox product. It should be emphasized that the
electronic CT excitation does not only provide a suitable intramo-
lecular redox reaction but may supply also the necessary energy
for activation and cleavage of the very stable Ny molecule.
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V. Conclusion

Even the most stable and least reactive molecules such as H,O,
CO,, and Ny can be photocleaved by intramolecular electron
transfer between suitable redoxactive metal centers and these
molecules or simple derivatives such as carbonate instead of car-
bon dioxide. The photoactivation is achieved by CT excitation
which corresponds to a shift of electron density. The formation
of stable products is determined by the availability of appropri-
ate oxidation states at the metal centers. While these photo-
reactions are very interesting in their own right, applications
are conceivable in particular for solar energy utilization. Espe-
cially, organometallic approaches to water splitting have been
anticipated to be rather promising in the future (76).

VI. Abbreviations

CT transitions are classified according to the redox sites at the
metals and ligands (2,77). Their energy depends roughly on the
reducing and oxidizing strength of the donor and acceptor,
respectively. Accordingly, the labels My, Myeq, Lox, and L,.q are
used to stress the possibility of a low-energy transition:

Myx—Liea Ligand-to-metal LMCT
M, ea—Lox Metal-to-ligand MLCT
M;ea—L—Mox Metal-to-metal MMCT
M, ea—Mox Metal-to-metal MMCT
Lieg—M-Lgy Ligand-to-ligand LLCT
M-L (L=AyxDyeq) Intraligand ILCT
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ABSTRACT

Reaction of an aqueous suspension of titania with Hy[PtClg] or
RhX3; (X=Cl, Br) affords halogenometalate complexes of compo-
sition {[TiO]OMX,L}y*"; z=1, 2, L=H,O, OH", M=Pt: n=4,
M=Rh, n=3. In these hybrid materials, titania can be viewed
as a semiconducting “inorganic ligand” bound via oxygen to a
platinum(IV) or rhodium(IIl) center. The quasi-Fermi level of
electrons in the titania ligand is shifted anodically by 0.2-0.3 V
as compared to the free “ligand.” In the case of the platinum com-
plex, visible light irradiation results in a platinum centered exci-
tation followed by homolytic Pt—Cl bond cleavage and electron
injection of Pt(III) into the titania conduction band. Thus, the
reducing and oxidizing surface sites can be described as a
trapped electron, that is, a Ti(III) center, and a loosely bound
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chlorine atom. In the case of the rhodium surface complex,
the excitation is of rhodium-to-titanium charge-transfer type
resulting in a Ti(III) center and a Rh(IV) species. These
heterosupramolecular metal complexes in the presence of air
photocatalyze the exhaustive visible light oxidation of pollutants
like halocarbons and atrazine. They are active even in diffuse
indoor daylight.

Keywords: Chloroplatinate(IV); Flatband potential, Haloge-
norhodate(III); Photocatalysis; Solar detoxification; Titanium
dioxide; Visible light.

I. Introduction

In connection with the chemical utilization of solar energy the
photochemistry of inorganic compounds has received increasing
attention. It started in the 1970s, declined in the 1990s, and
came up again in the present decade. For the desired conversion
of light to chemical energy, three key steps can be considered as
schematically summarized by Eqs. (1)—(7) for the sensitization of
the redox reaction A+D=A,.,q and D, by a transition metal
complex. They consist of photo-induced charge separation
(Eq. 1), electron exchange with substrates affording primary
redox products (Egs. 3 and 4), and conversion of the latter to sta-
ble final products (Eqs. 5 and 6). In the case of solar energy stor-
age, the over-all reaction has to be endergonic, whereas for solar
energy utilization it can also be exergonic. It is noted that
although many systems undergo the first reaction step, only a
few enable also the crucial electron exchange steps due to the
highly favored charge recombination (Eq. 2). Even if these two
steps proceed (Eqs. 3 and 4), efficient back electron transfer
(BET) between the primary redox products (Eq. 7) in many cases
prevents efficient formation of the final redox products (Eqgs. 5
and 6). Thus, the basic problem of the conversion of light to
chemical energy is how to inhibit the primary and secondary
charge recombination processes according to Eqs. (2) and (7),
respectively. In homogeneous systems, the problem is partially
solved by making one of the redox steps, for example, Eq. (4),
so fast that it successfully competes with recombination. A typi-
cal example is the evolution of hydrogen upon irradiating an
aqueous solution of a tris(bipyridyDruthenium(II) complex in
the presence of methylviologen (corresponds to A) and a reducing
agent like triethylamine (corresponds to D). In this system, the
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radical cation generated in the reaction step according to Eq. (4)
undergoes a fast and irreversible decomposition (Eq. 6) rendering
the BET (Eq. 7) too slow to successfully compete with formation
of A,cq (Eq. 5), which corresponds to the reduction of water by
the reduced methylviologen (I). In summary, the function of the
transition metal complex is to photosensitize two consecutive
homogeneous electron exchange reactions with a donor and
acceptor.

hv

M -L=M" - L~ (1)
IM]* —L~ — [M] — L + hv/heat 2)
M*" L +A— M"Y -L+A" (3)
M]* ~L+D — [M]—L+D" (4)
A7 — A (5)

D' — Dy (6)

A" +D" - A+D (7)

The reaction sequence discussed above differs significantly from
photosensitization by a semiconductor, in general just named
photocatalysis, a reaction system wherein a solid photocatalyst
simultaneously sensitizes two heterogeneous redox reactions (2).
By analogy with Eqs. (1)—(7), the basic reaction steps may be
summarized in a simplified way according to Eqgs. (8)—(10). Light
absorption generates, inter alia, reactive electron—hole pairs
trapped at the surface. It is expected that the distance between
these redox centers should be larger than in a molecular sensi-
tizer and therefore charge recombination may become slow
enough to allow the desired interfacial electron transfer (IFET)
between the solid and adsorbed or dissolved substrates. The
subsequent reaction steps are described by Egs. (5)—(7).

SC™ sC(e; b)) (8)
SC(e;,h) — SC + hv/heat 9)
SC(e;,h/) +A+D —SC+A " +D" (10)

Scheme 1 summarizes the primary processes occurring after
light absorption by a titania crystal. Due to the band gap of about
3.2 eV, ultraviolet light of wavelength shorter than 391 nm is
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ScHEME 1. Schematic description of primary processes occurring
during a semiconductor photocatalyzed redox reaction. The thick verti-
cal bar symbolizes the solid/liquid interface. For the sake of simplicity
emissive and photocorrosive processes are omitted. (1) Light absorption
and primary charge recombination; (2) charge trapping at unreactive or
(3) reactive surface sites; (4, 5) secondary charge recombination; (6, 7)
IFET processes; (8) back electron transfer; (9, 10) secondary reactions.

necessary for excitation. The positions of the upper valence band
and lower conduction band edge are given as electrochemical
potentials and apply for the anatase modification in contact
with water of pH 7. Surface defects and an inhomogeneous
electric field of a thin surface layer induce trapping of the
light-generated charges at the surface forming redox centers of
different chemical reactivity.

Centers which undergo primarily recombination are termed in
the scheme as trapped electron-hole pairs (e, , hy,") whereas
those involved in the IFET are named reactive electron—hole
pairs (e, , h,"). Only in a very few cases the existence of both
types of redox centers is experimentally proven (3). In general,
only one type of electron—hole pairs is considered. In competition
with the primary processes depicted in Scheme 1, the photo-
generated charges may exchange electrons also with the semi-
conductor itself resulting in a deactivation of the photocatalyst.
Depending on the detailed reaction conditions like presence or
absence of oxygen, this photocorrosion termed process affords,
for example, in the case of the n-semiconductor zinc sulfide
elemental zinc and sulfur and zinc sulfate.
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ScuEME 2. Simplified mechanistic scheme of the titania photocatalyzed
mineralization of phenol.

Once formed, the primary redox products are converted in
subsequent thermal reactions steps to the final compounds A,.q
and D,,. When oxygen is the electron acceptor and a pollutant
like phenol is the electron donor, carbon dioxide and water are
the final redox products (Scheme 2). The primary reductive redox
product is superoxide which can be converted to the strongly
oxidizing OH radical via protonation, disproportionation of HO,
and reductive photocleavage of the produced HyO,. Instead of
water oxidation, the oxidative primary step may consist of the
oxidation of the pollutant producing a phenoxy radical and a pro-
ton. Such complete photooxidation reactions are often termed as
mineralization and in general titania is employed as the
photocatalyst (4-7).

Thermodynamics requires that the redox potentials of
acceptors and donors (D and A) are located within the potential
range given by the reactive electron—hole pair. Since the latter
in general is not known, the positions of the band edges may be
taken as approximate values. It is noted that this is reliable only
in the absence of any crystal defects prone of charge trapping, a
rather rare case in experimental photocatalysis. Thus, the reduc-
tion and oxidation potentials of these surface centers in general
may be a few hundred of millivolts smaller than estimated by
this approach. A more detailed discussion is given by Gerischer
for an n-type semiconductor (Scheme 3) (8). Absorption of light
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ScHEME 3. Thermodynamics of interfacial electron transfer (IFET)
between a photoexcited n-type semiconductor solid and dissolved donor
and acceptor molecules. The depicted density of states maxima apply
for equal concentrations of reduced and oxidized forms.

induces a splitting of the Fermi level into quasi-Fermi levels of
electrons and holes indicated as ,Er™ and Er*, respectively.
Since redox reactions are connected with reorganization energies
(), the density of states has a maximum not at the standard
potential (Dyeqox and Ayeqox) but at an energy higher (D, and
A, and lower (D,oq and A..q) by the amount of y. As a conse-
quence, both reductive and oxidative IFET reactions are thermo-
dynamically feasible only when the energies of A, and D,.q are
equal or below and above the quasi-Fermi level of electrons
and holes, respectively. Whereas standard potentials are usually
easy obtainable, this is not true for reorganization energies which
may reach values of up to 0.5 eV. Thus, a large uncertainty is
connected with a precise calculation of the free energy change
of such type of interfacial electron exchange reactions. These
basic aspects are often overlooked when discussing the energetic
requirements for water splitting. Instead of taking the ideal
value of 1.23 eV, a value of about 2 eV seems more realistic.

To estimate the thermodynamic feasibility of interfacial redox
reactions at a hitherto unknown semiconductor surface, it is
therefore of basic importance to know the position of the quasi-
Fermi level. The quasi-Fermi level of electrons of powders or thin
films of modified titania photocatalysts can be easily obtained by
the “suspension method” developed by Bard et al. (9,10) and
modified by Roy et al. (11) for titania and cadmium sulfide. It is
based on the pH-dependence of the flat-band potential of TiO,.
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Since the procedure requires irradiation, different to the classical
Mott—Schottky method, it is more correct to replace Ejy by
the quasi-Fermi energy of electrons (,E;*). Bard et al. (9)
measured the photocurrent generated in the presence of met-
hylviologen (MV?") and a reducing agent as function of the pH
value, whereas Roy recorded the photovoltage in the absence of
a reducing agent. In the latter method, the shape of the sigmoi-
dal voltage/pH curve depends on the potential of the reference
electrode, the [MVZ']/[MV"®] ratio, the pH value, k, and on
Fe¥. At the pH value of the inflection point (pH,), the quasi-
Fermi level is equal to the one electron reduction potential of
the methylviologen cation. From this the quasi-Fermi potential
of electrons at any pH can be calculated according to Eq. (11)
(11) if the factor % is known. For titania, & is usually equal to
59 mV (12). Roy et al. obtained it from

nE¢" (PH) = E° 2+« + k(pH, — pH) (11)

the slope of the voltage/current plot above the inflection point
whereas Bard et al. calculated it from the slope of the onset of
photocurrent versus pH (10). However, in our hands, both met-
hods afforded only poorly reproducible results due to consider-
able voltage fluctuations and too low photocurrents. We have
determined the % value by an alternative method through mea-
suring the pH, value not only for one but also for a serious of
redox couples (13).

With the knowledge of the quasi-Fermi level of electrons, the
level of holes can be estimated by adding the band-gap energy
as obtained from diffuse reflectance spectra. This rough but help-
ful procedure is based on the assumption that both Fermi
levels are located very close to the corresponding band edges.
Since most of the employed powders represent highly doped
semiconductors, this seems a reliable approximation.

Unfortunately, titania can utilize only the very small UV part
(about 3%) of solar light and therefore practical applications like
cleaning of air require the use of UV lamps. However, also the
much larger visible part (1>400 nm) may induce photocatalysis
when titania is surface modified by dyes and transition or main
group elements. Whereas dye sensitization can be an efficient
method in photoelectrochemical devices operating in the absence
of oxygen, it is not suited for photocatalytic aerial oxidation
reactions since the photogenerated reactive oxygen compounds
in general attack not only the substrate but also the dye. Accord-
ingly, we thought that modification by oxidation-stable high-
valent transition metal complexes may be a promising method.
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Fic. 1. The dual role of the titania surface in coordination chemistry.

In the following, we discuss our results on the characterization
and photocatalytic properties of titania—halogenometal
complexes of Pt(IV) and Rh(III). Considering that the surface of
titania contains about 3—6 OH groups per nm? and under-coordi-
nated titanium atoms it may act both as a mono- and bidentate
ligand (Fig. 1la—c) and as a coordination centre (Fig. 1d-f).
Research on the latter topic was recently summarized (14).

Il. Titania—Chloroplatinum(lV) Complexes

In the very first investigations, we have found that simple
metal chloride complexes like Nay[PtClg]l, AuCls, and RhCl;
introduced into the bulk of amorphous microporous titania
(16-17) by sol-gel methods induce a photomineralization of the
water pollutant 4-chlorophenol (4-CP) by visible light. Surpris-
ingly, in the platinum doped material isolated PtCl, units are
present in an amorphous titania matrix exhibiting no bonding
interactions with the lattice components. Thus, the visible light
absorption is located at the PtCl, units. It is noted that a physi-
cal mixture of PtCly and silica does not afford a visible light
active photocatalyst. Recalling that photocatalysis is a surface
phenomenon we replaced the sol-gel method by a simple surface
modification procedure in order to introduce chemical bonding
between titania and the metal halide complex. The aim of this
work was to investigate how the photoredox properties of titania
are changed by the covalent attachment to chloroplatinate or
chlororhodate and how the primary photoprocesses of charge
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separation and IFET can be described. Detailed information is
available from recent original publications (13,18-20).

A. PREPARATION AND CHARACTERIZATION OF PHOTOCATALYSTS

Upon stirring a suspension of titania powders in an aqueous
solution of Hy[PtClg] in the dark, different maximum amounts
were adsorbed. For the anatase hydrate and anatase/rutile
samples TH (Kronos) and P25 (Degussa), there were taken up
4.0% and 1.1%, respectively, whereas only traces were adsorbed
onto the rutile material Ald. The almost four times larger
amount adsorbed by TH corresponds with the about four times
larger surface area as compared to P25 (vide infra). Subsequent
heat treatment at 200°C afforded the desired photocatalyst
(21). Surface modification may be performed also by simple
grinding with PtCly, but the resulting powders are of lower
photocatalytic activity and less stability (18,20).

Analysis by transmission electron microscopy (TEM) and X-ray
powder diffraction (XRD) of 4.0%H5[PtClg]/TH revealed the pres-
ence of about 200 nm large aggregates composed of 2—4 nm sized
anatase crystallites (22). Specific surface areas of unmodified
P25 (50 m*/g) and Ald (3 m?/g) were not changed upon modifica-
tion whereas a significant decrease from 334 to 260 m%*g was
found for TH.

To find out if the chlorplatinate is physically or chemically
adsorbed onto the tiania surface, 4.0%H,[PtClg]/TH was stirred
in 0.01 M potassium fluoride at ambient conditions. It is known
that fluoride irreversibly chemisorbs through replacement of
titania bound OH groups (23-27). Surprisingly, no desorption of
a chloroplatinate complex was observable under these experi-
mental conditions. However, desorption became feasible
upon decreasing the pH value. These observations strongly sug-
gest that chloroplatinate is chemically bound to titania as
summarized in Eq. 14) (L=C1", OH") and that desorption is an
acid catalyzed process. From

TiOg] — OH + PtCl;L" — [TiOg] — O — PtCI,L" + HC1 (12)

the amount of chloride released after stirring an NaOH suspen-
sion of 4.0%H[PtClgl/TH in the dark, the composition
[Ti]JOPtCl, L™, L=Hy0, OH ", n=1, 2, was proposed for the tita-
nia surface complex. In corresponding photochemical desorption
experiments (1>455 nm) with 4.0%H,[PtClg]/TH suspended in
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Fic. 2. Diffuse reflectance spectra of TH (a) and 4.0%H,[PtClgl/TH
(b). The Kubelka—Munk function, F(R_.), is equivalent to absorbance.

water no desorption occurred within 24 h of irradiation time,
whereas in the presence of 0.1 M HCIl desorption of [PtClg]?~
was almost complete.

The diffuse reflectance spectra of TH and 4.0%H,[PtClgl/TH
are compared in Fig. 2. The pronounced absorption of the
modified material in the visible region is tentatively assigned
to a metal-centered transition of the platinum(IV) chloride com-
ponent, by analogy with the solution spectrum of Nay[PtClg]
(18,28,29). Below 400 nm the steep absorption increase of the
modified sample originates from the band-gap transition of
TiOs,. For an indirect crystalline semiconductor, the band-gap
energy is obtained by extrapolation of the linear part of the plot
of (F(R.)hv)” versus hv (30). In the case of 4.0%H,[PtClg)/TH,
it amounts to 3.21 eV, what is slightly smaller than the value
of unmodified TH (3.27 eV). The absorption of these materials
extends down to 620-650 nm corresponding to about 2.0 eV.

To locate the approximate redox potentials of the reactive elec-
tron—hole pair, the quasi-Fermi levels of the powders were
measured as summarized above. The plots of photovoltage ver-
sus pH for TH and a series of Hy[PtClgl/TH materials are
summarized in Fig. 3. From the inflection point (pH,), the
corresponding quasi-Fermi potentials at pH 7, as obtained via
Eq. (11) taking £=0.059V, are —0.58V (P25) and —0.54V
(TH). The flat-band potential of a single crystal of anatase was
reported to be —0.59V (pH 7) (31). Relative to the value of TH
the quasi-Fermi level is shifted anodically by 0.05, 0.09, and
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Fic. 3. Photovoltage recorded for TH (a), 1.0% (b), 2.0% (c), and 4.0%
H,[PtClgl/TH (d) suspensions in 0.1 M KNOs in the presence of (MV)Cly
irradiated with the full light of an XBO-lamp. The position of the inflec-
tion point pHy is marked with a dotted line.

0.26 V in the case of 1%, 2%, and 4.0%H,[PtClg]/TH, respectively.
The reproducibility of quasi-Fermi potential and photocatalytic
activity measurements was in the range of £0.02 V and +10%,
respectively. Since the onset of the TiO, part in the 4.0%
H,[PtClgl/TH reflectance spectrum remains nearly unchanged,
the band gap is not altered and the anodic shift of the conduction
band edge is therefore accompanied by an anodic shift of the
valence band edge.

B. PnoorocaTtaLyTic DEGRADATION WITH ARTIFICIAL
VisiBLE LiguT (1 >455 nm)

Figure 4 illustrates the photodegradation of 4-CP (32) with visi-
ble light. Since reaction rates increased with increasing
photocatalyst concentration, reaching a constant value at 0.5 g/L,
all experiments were conducted at this value (33). Whereas the
rutile based Hy[PtClg]/Ald was inactive (Fig. 4, curve a), in accord
with the very small surface area and the trace amounts of
chemisorbed chloroplatinate, 1.1.%H,[PtClg]/P25 and 4.0%
H,[PtClgl/TH were active, inducing 50% degradation after 95 and
15 min, respectively (Fig. 4, curves b, c). 4.0%H,[PtClg]/TH also
initiated a fast mineralization as indicated by curve d in Fig. 4.

Since the mineralization process produces CO,;, Hy0O, and
HCIl, the initial pH value of 3.4 decreased to 3.0 at 120 min
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Fic. 4. 4-CP degradation upon visible light irradiation; Hy[PtClgl/
Ald (a), 1.1%H,[PtClgl/P25 (b), 4.0%H,[PtClg]/TH (c), 4-CP mineraliza-
tion as catalyzed by 4.0%Hy[PtClgl/TH (d) (19).

irradiation time. These conditions should favor photodesorption
(vide supra) and therefore a long-term irradiation was conducted
in the presence of NaHCO3 to neutralize the acid generated. In
this experiment, the concentration of 4-CP was readjusted to its
original value when the c/cq values approached zero. Whereas
in the absence of bicarbonate the activity decreased to 50% of
its original value already at the third cycle, it changed only little
even after 19 cycles when bicarbonate was present. This clearly
proofs the catalytic nature of the photodegradation reaction.

Also other pollutants like atrazine, dichloroacetic acid, lindane,
and trichloroethylene were almost completely mineralized
(A>455 nm). The degradation of atrazine in general affords
cyanuric acid as the final product when unmodified titania were
employed as photocatalysts (34). However, when 4.0%H,[PtClgl/
TH was used, even cyanuric acid was mineralized as indicated
by TOC and nitrate determinations.

C. PHOTODEGRADATION WITH NATURAL
INnDOOR AND OUTDOOR DAYLIGHT

The excellent photocatalytic activity of 4.0%H[PtClg]/TH became
even more evident, when the reaction was conducted in diffuse
indoor laboratory daylight (4-10 Wm ™2 at 400-1200 nm). Under
these conditions both unmodified P25 and TH were inactive
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Fic. 5. Diffuse indoor daylight induced degradation of 4-CP in
the presence of TH and P25 (a), 1.1%H[PtClgl/P25 (b), 4.0%H,[PtClg]/
TH (c).

whereas the 1.1% and 4.0% surface modified counterparts after
420 min exhibited 10% and 50% degradation, respectively (Fig. 5).

The superior activity of modified titania was demonstrated
also when the degradation of 4-CP was conducted with outdoor
sunlight. Surprisingly, 2.0%H,[PtClgl/TH was more active than
P25. This higher reactivity was even more pronounced when
the solar irradiation was replaced by artificial UV light. 2.0%
H,[PtClgl/TH induced 90% degradation already after 12 min,
the time by which only 50% were degraded by P25. In the case
of 4.0%H,[PtClgl/TH only traces of unreacted 4-CP could be
detected after this irradiation time.

D. MECHANISM

Since the chloroplatinate component is the light absorbing
species, we proposed the primary photoprocess to be a homolytic
PtCl cleavage affording a Pt"' intermediate and an adsorbed
chlorine atom, by analogy with the known photochemistry of
hexachloroplatinate in solution (29,35). Electron injection from
the platinum(Ill) complex into the titania conduction band
reforms Pt'Y. Thus, the reductive and oxidative centers become
spatially separated rendering charge recombination less proba-
ble. The trapped conduction band electron reduces oxygen
to superoxide and finally hydroxyl radicals as evidenced by
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scavenging experiments with benzoic acid and tetranitromethane,
an alternative electron acceptor. The adsorbed chlorine atom is
assumed to oxidize 4-CP under deprotonation to the
corresponding oxyl radical which is eventually converted to CO,
and HCI, by analogy with the photomineralization catalyzed by
unmodified titania upon UV-excitation (36,37). It is noted that
the alternative mechanism, that is, electron injection from the
excited chloroplatinate resulting in a platinum(V) intermediate
cannot be completely ruled out.

As summarized above, the primary photoprocess generates two
surface redox centers. The oxidative one can be described as a kind
of C1/C1™ redox pair weakly coordinated to a metal center. It is rea-
sonable to assume that this oxidant is weaker than the free Cl/C1™
pair (E°cyci-=2.6 V, value for aqueous solution (38), but stronger
than the couple 2Cly/Cl™ (E°=1.3 V (39) and the oxidation poten-
tial of 4-CP (1.18 V). Further, the potential has to be lower than
2.4V, the estimated redox potential of the OH/OH™ couple,
because no hydroxyl radical formation could be observed in the
presence of benzoic acid and tetranitromethane as OH and electron
acceptor, respectively (18). Thus, the potential of the oxidative cen-
ter should be in the range 0f 1.3-2.4 V.

Unfortunately, the redox potential of the Pttt/ couple is not
known in the literature. Although some stable Pt'! compounds
have been isolated and characterized (40), the oxidation state
III is reached usually only in unstable intermediates of photo-
aquation reactions (41-43) and on titania surfaces as detected
by time resolved diffuse reflectance spectroscopy (44). The redox
potential of the surface Pt**3* couple should be equal or more
negative than —0.28 V, that is, the quasi-Fermi potential of
4.0%H,[PtClg]/TH at pH 7. Assuming a value of —0.40V and
recalling that the potential difference between the reactive
charges cannot be higher than the absorbed light energy divided
by the elemental charge, which is about 2.00 V upon excitation at
the absorption onset (620-650 nm), the potential of Ep¢ i1 1S
obtained as 1.6V (Scheme 4). These chlorine based surface
centers are absent in unmodified titania and very likely enable
the degradation of otherwise reluctant cyanuric acid (vide supra).

[ll. Titania—Halogenorhodium(lll) Complexes (X=CI, Br)

To find out whether or not sensitization of titania as described
above is feasible also with halides of other d® metals, surface
modification was also attempted with RhX3; (X=Cl, Br) (45).
The novel hybrid photocatalysts x%RhCls/TH containing 0.5,
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1.0, 2.0, and 5.0 wt% of rhodium and 2%RhBr3;/TH were prepared
as described above for the chloroplatinate complexes. Again the
titania hydrate TH afforded photocatalysts which were very
active in the photodegradation of 4-CP, whereas Hombikat 100
(Sachtleben) and P25 based materials were less efficient.
Maximum loading was observed at 5.0 wt% of rhodium whereas
the use of higher metal halide concentrations afforded powders
from which excess rhodium is completely removed during
washing.

A. CHARACTERIZATION

RhCl3/TH and RhBr3/TH have a pink and a dark yellow color,
respectively, and are surprisingly stable to desorption of the rho-
dium component as compared to chloroplatinate modified TH
(13,19,20). In aqueous suspension upon stirring either in the
dark or under irradiation with visible light, no dissolved rhodium
complex was detectable by UV-Vis absorption spectroscopy.
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Both 4.0%RhCl3/TH and 4.0%RhBrs/TH did not undergo desorp-
tion of the rhodium surface complex even after stirring for five
days in the dark in 0.5 M KF. Thus, one can conclude that Rh
(IIT) is covalently bound to titania through a bridging oxygen
ligand (45). Whereas 4.0%HyPtClg/TH in 0.1 M HCIl upon UV
1rrad1at10n (19) for 24 h suffered almost complete desorption to
[PtClgl?~, only 40% of [RhClg]>~ were detectable in the case of
4.0%RhCl3/TH.

This difference may reﬂect the fact that the metal-oxygen
bond is about 40 kJ mol ! stronger in the case of rhodium (46).
In strongly alkaline suspension the chloride ligands are
completely displaced, as also observed for 4.0%H;PtClg/TH (19).
Since from the amount of chloride produced in this experiment,
one can conclude that three chloride ligands are present in the
surface rhodium complex, a composition of [TiO5] ORhCl3(H0)s™
is suggested.

Comparison of the diffuse reflectance spectra of TH and 2.0%
Rh(III)/TH clearly indicates novel absorptions at 400-500 and
500-700 nm (Fig. 6). The shoulder at about 500 nm compares
well with the lowest metal-centered transition of [RhClg]®~
observed in hydrochloric acid at 518 nm (47). At wavelengths
shorter than about 550 nm a strong absorption increase suggests
that it does not orlglnate excluswely from the second metal-cen-
tered transition occurring in [RhClg]®~ at 410 nm with about the

0.4
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0.1 1 b

a
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Fic. 6. Diffuse reflectance spectra of TH (a), 2.0%RhCls/TH (b), and

2.0%RhBrs/TH (c). The Kubelka—Munk function, F(R,.), is equivalent
to absorbance.
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same intensity as the 510 nm band. It rather may originate from
a rhodium-to-titanium charge-transfer transition. This is
corroborated by the fact that the silica analogue 2.0%RhCls/
SiO4 does not exhibit a strong absorption increase at 1 <550 nm,
most likely because, different from titania, silica does not have a
low lying conduction band (Fig. 7, curve b). In the corresponding
difference spectrum an unsymmetrical absorption band is
observed at a maximum at about 380 nm. In the case of 2.0%
RhBr3/TH a similar comparison with 2.0%RhBrs/SiO, afforded
the MMCT maximum at about 390 nm (48).

Assuming that all samples are indirect -crystalline
semiconductors, as is anatase, the band-gap energy can be
obtained by extrapolation of the linear part of a plot of [F(R..)
hv1Y2 versus the energy of exciting light (30). From this the band
gap of TH, 0.5, 1.0, 2.0, and 5.0%RhCl3/TH and of 2.0%RhBrs/
TH, can be calculated as 3.29, 3.26, 3.25, 3.22, 3.21, and
3.10 eV, respectively (Table I).

B. PHoToCATALYTIC ACTIVITY

To investigate the photocatalytic activity, the disappearance
and mineralization of 4-CP was performed in the presence of
air. Surprisingly, the activity of 5.0%RhCl;/TH was very high
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TABLE I
Banpcar ENERGIES AND QUASI-FERMI POTENTIALS OF ELECTRONS
Photocatalyst Ep; (eV)* +Ex*(pH 7, NHE) (V)°
TH 3.29 —0.54
0.5% RhCl3/TH 3.26 —0.53
1.0% RhCls/TH 3.25 —-0.48
2.0% RhCl3/TH 3.22 —0.46
5.0% RhCl3/TH 3.21 -0.34
2.0% RhBr3/TH 3.10 —0.32

@®Reproducibility was better than +0.05 and +0.02 V, respectively.

and after 60 min of visible light irradiation (1>455 nm) 95% of
4-CP had disappeared whereas 75% of 4-CP mineralized. 2.0%
RhBrs/TH exhibited a photoactivity comparable to that of 2.0%
RhCl3/TH. The unmodified powders TH and P25 were inactive
under these experimental conditions. The photocatalytic activity
increases with increasing rhodium loading, exhibiting the
highest value for 5.0%RhCls/TH (Fig. 8). This resembles the
findings on the surface-loading of TH with [PtClgl?~ (13,19,20).

Photoelectrochemical measurements of the photovoltage as
function of pH value (11) indicate that the quasi-Fermi level of
electrons is shifted gradually more anodic upon increasing
the rhodium loading. Thus, the value of —0.55V (vs. NHE, at
pH 7) as observed for unloaded TH is shifted to —0.53, —0.48,
—0.46, and —0.34V upon loading with 0.5, 1.0, 2.0, and 5.0%
RhCl3/TH, respectively (Table I). In the case of 2.0%RhBrs/TH,
the quasi-Fermi level was found at —0.32 V.

To obtain experimental evidence for a mutual formation of OH
radicals under visible light irradiation (1>400nm), the
photodegradation of benzoic acid in the presence of 4.0%RhCls/
TH and oxygen was investigated by monitoring the production
of salicylic acid (18,49,50). Surprisingly, no salicylic acid was
detectable in solution. A likely reason for this could be a fast
photodegradation of small amounts of initially produced salicylic
acid. To test this hypothesis, photodegradation of salicylic acid
was carried out under identical experimental conditions. It
turned out that salicylic acid is efficiently adsorbed onto 4.0%
RhCl3/TH and that its photodegradation is very fast. About
96% of salicylic acid had disappeared after 10 min of irradiation.
These results suggest that salicylic acid formed from benzoic acid
largely remains adsorbed and is efficiently decomposed before
being desorbed into solution.
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Fic. 8. Mineralization of 4-CP as function of rhodium content;
photocatalyst concentration: 0.5gL~%; (a) 0.5%RhCly/TH, (b) 1.0%
RhCl5/TH, (c) 2.0%RhCl5/TH, (d) 5.0%RhCl5/TH.

C. MECHANISM

To test if the photocatalytic activity of RhCls/TH is also initiated
by a homolytic MCl1 bond cleavage, as proposed previously for plat-
inum(IV) chloride modified TH, the photodegradation of phenol
undervisible light irradiation (1 > 455 nm) was carried out. Forma-
tion of chlorophenol would evidence the presence of intermediate
chlorine atoms. However, no significant amount of chlorophenol
was detectable (51). This differs from Pt(IV)/TH, in which case
chlorophenol formation was observable (18). Further, cyanuric
acid, a molecule which is mineralized in the presence of platinum
(IV) modified TH (20) (vide supra), is not decomposed by 4.0%
RhCl3/TH. These significant differences indicate that in the case
of rhodium(III) modification visible light-induced cleavage of the
metal-halogen bond is not a major primary photoprocess. More
likely seems a mechanism as proposed for UV light-induced oxida-
tion reactions in the presence of Rh(III) doped titania colloids (52).

[TiO2]O — Rh®" + hv — [Ti0,]0 — Rh*" + egp (13)
[TiO2]O — Rh*" + 4—CP — [TiO2]O — Rh®*' + 4-CP"™  (14)
Os + €c — 0, (15)

0, + H" — HO,* (16)
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HO9* +HO3®* — Hs09 + O (17)
Hy05 +097* — OH* + OH + Oy (18)
H,05 + egp — OH® + OH" (19)

Visible light excitation within the rhodium-to-titanium charge-
transfer band of RhCl3/TH affords as primary products an elec-
tron in the titania conduction band and a Rh(IV) center
(Eq. 13). The energetic position of the latter can be estimated
by adding the energy of the Vis absorption onset (2.25eV) to
the quasi-Fermi level as depicted in Scheme 5. Approximate
the same position has been assigned to the Rh(ITI/IV) level in
Rh(III) doped BaTiO3 (53). The resulting potential of 1.91V is
positive enough to oxidize water or more likely 4-chlorophenol
to the radical cation (Eq. 14), which finally breaks down to COs,
HCI1, and H50, as well known from the UV photodegradation in
the presence of unmodified TiOq (54-56). The electron generated
in the conduction band reduces oxygen to superoxide (Eq. 15)
which through the reaction sequence according to Eqs. (16)-(19)
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ScHEME 5. Mechanistic scheme of titania sensitization by rhodium
(ITT) complexes. Depicted values apply for 5.0%RhCl3/TH at pH 7.
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(57-59) is converted to an OH radical. The latter subsequently
induces oxidation of 4-CP.

Recently, it was reported that also the halogenides of Ru(III),
Ir(IV), and Au(IIl) are able to form visible light active titania
photocatalysts (60).

IV. Summary and Outlook

Modification of titania powders by halogenometal compounds
affords surface transition metal complexes that are efficient
semiconductor photocatalysts for the visible light mineralization
of organic pollutants. In these hybrid materials, titania can be
considered as a semiconducting “inorganic ligand” bound via oxy-
gen to a platinum(IV) or rhodium(III) center. Different to a con-
ventional ligand titania has a peculiar electronic structure and
provides also a solid surface for the adsorption of substrates.
The quasi-Fermi level of electrons in the titania ligand is shifted
anodically by 0.2-0.3 V as compared to the free “ligand.” In the
case of the platinum complex visible light irradiation results
in a platinum centered excitation followed by homolytic PtCl
bond cleavage and electron injection of Pt(III) into the titania
conduction band. Thus, the reducing and oxidizing surface sites
can be described as a trapped electron, that is, a Ti(III) center,
and a loosely bound chlorine atom. In the case of the rhodium
surface complex, the excitation is of the rhodium-to-titanium
charge-transfer type resulting in a Ti(III) center and a Rh(IV)
species.

The few investigations hitherto performed on the photochemi-
cal properties of transition metal complexes having titania as a
ligand clearly proof the general importance of the field. Until
now this applies only for the high photocatalytic activity in
exhaustive photooxidation reactions. Since this is based on an
efficient light-induced charge separation such type of supramo-
lecular coordination complexes are promising systems also for
other relevant processes like nitrogen fixation and artificial
photosynthesis.
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ABSTRACT

This review has been written in order to clarify fundamental
aspects of photocatalysis, an important subject in inorganic and
material chemistry, not to present a list of studies on photo-
catalysis reported so far, since it seems rather difficult to make
a complete review by introducing all or a large part of the
reported studies on photocatalysis of relatively long history. This
review is based on the author’s experience in studies on photo-
catalysis and topics are limited to so-called semiconductor photo-
catalysis; definition and examples of photocatalysis, its principle
and kinetics, visible light-induced photocatalysis, and design of
active photocatalysts are discussed in detail.

Keywords: Photocatalysis and catalysis; Photocatalytic activity;
Band structure and excitation; Energy conversion; Langmuir-
Hinshelwood mechanism; Electron—hole recombination; Quan-
tum efficiency; Physical property—activity correlation; Synergetic
effect.

I. Introduction

After the relatively long history of studies on photocatalysis, it
seems unnecessary to explain the importance of photocatalysis in
both fundamental and application aspects; for example, coatings
of window glass and exterior walls with photocatalysts have
already been commercialized worldwide due to its highly benefi-
cial effect of “self-cleaning” which enables the surface to be kept
clean under conditions of sunlight exposure and rain (7). Since
results of many scientific studies on photocatalysis have been
reported, it seems rather difficult, at least for the author, to
make a complete review by introducing all or a large part of
the reported studies on photocatalysis, while, of course, success-
ful reviews (2,3) have been published by talented researchers in
this field. This review has been written in order to clarify funda-
mental aspects of photocatalysis, not to present a list of studies
on photocatalysis reported so far. Some of the aspects have not
been discussed so far as “common sense” in papers relating to
photocatalysis. This review is based on the author’s experience
in studies on photocatalysis for more than 25 years and topics
are therefore limited to so-called semiconductor photocatalysis
(Sections II.A and III.A), and consequently the author’s results
and interpretations are highlighted. It is the author’s pleasure
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to suggest reading also his recent review (4) on photocatalysis,
which may be helpful for understanding the outline of studies
on photocatalysis.

Il.  Photocatalysis

A. DEFINITION

Although various definitions and interpretations of the term
“photocatalysis” have been proposed, “photocatalysis” or
“photocatalytic reaction” is defined, in this chapter, as a chemical
reaction induced by photoabsorption of a solid material, or
“photocatalyst,” which remains chemically unchanged during
and after the reaction. In other words, the solid acts catalytically,
without any changes in its composition or structure, under pho-
toirradiation, and this explanation may be consistent with most
other definitions. “Photocatalysis” is the conceptual name for
photocatalytic reactions. In this context, data can be obtained
by measuring consumption of the starting materials and/or for-
mation of reaction products initiated by photoirradiation and
then examining whether the photocatalyst or its properties have
been modified during the reaction. This seems to be a relatively
easy procedure. However, various problems are, in fact, encoun-
tered when trying to prove a given phenomenon as being
photocatalytic (Section V.C).

B. PuortocaTaLysiS AND CATALYSIS

The most significant difference between photocatalysis and
catalysis lies in their thermodynamics. In a general definition,
a catalyst reduces activation energy of a given chemical reaction
by changing the intermediate states and thereby accelerates the
reaction which proceeds spontaneously with negative Gibbs-
energy change, that is, catalysis is limited to thermodynamically
possible reactions. On the other hand, it is well known that pho-
tocatalysis can drive energy-storing reactions, for example,
splitting water into hydrogen and oxygen. In this sense, “photo-
catalysis” must be recognized as a concept completely different
from that of “catalysis.” Actually, apparent activation energy of
photocatalysis estimated by an Arrhenius plot has been reported
to be very small compared with that of catalytic reactions (5).
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C. PHOTOCATALYTIC ACTIVITY

The term “activity” is often used in papers on photocatalysis as
“photocatalytic activity.” Although the author does not know who
first started using this term in the field of photocatalysis, people
involved in the field of catalysis were using this term before the
1980s, when photocatalysis studies had begun to be accelerated
by the famous study of the so-called Honda—Fujishima effect on
photoelectrochemical water splitting using a single-crystal tita-
nia electrode (6). Most authors, including the present author,
use the term “photocatalytic activity,” but in almost all cases
the meaning is the same as that of absolute or relative reaction
rate. One reason why we like to use the term “photocatalytic
activity” may be that it can make readers think of “photocatalytic
reaction rate” as one of the properties or abilities of a
photocatalyst, that is, photocatalysts have individual activity,
while “reaction rate” is controlled by the activity under given
reaction conditions. In the field of catalysis, “catalytic activity”
has been used to show a property or performance of a catalyst,
since an “active site” (Fig. 1) on a catalyst accounts for the cata-
lytic reaction. The reaction rate per active site can be estimated
and should be “catalytic activity.” In a similar sense, “turnover
frequency,” that is, number of turnover per unit time of reaction
to show how many times one active site produces a reaction prod-
uct(s) within unit time, is also used. On the other hand, there are
no active sites on a photocatalyst (7), and the reaction rate
strongly depends on various factors such as the intensity of
irradiated light which initiates a photocatalytic reaction. Consid-
ering at least that the dark side of a photocatalyst or suspension

Substrate Product Substrate Product
® O O oo
\>< Light
Active site M
Catalyst Photocatalyst

Fic. 1. Difference in concepts of catalytic and photocatalytic
reactions: A catalyst contains active sites at which a substrate is con-
verted into a product, while no active sites are present on a
photocatalyst.



PHOTOCATALYSIS BY INORGANIC SOLID MATERIALS 399

is not directly involved in the photocatalytic reaction, the use of
the term “active site” is inappropriate, and a relationship of
photocatalytic activities with active sites therefore cannot be
expected.

[ll.  Principle of Photocatalysis
A. GENERALLY ACCEPTED EXPLANATION

The principle of photocatalysis is often explained with an illus-
tration like Fig. 2, a schematic representation of the electronic
structures of semiconducting materials, a band model. An elec-
tron in an electron-filled valence band (VB) is excited by photo-
irradiation to a vacant conduction band (CB), which is
separated by a forbidden band, a band gap, from the VB, leaving
a positive hole in the VB (Section III.B). These electrons and pos-
itive holes drive reduction and oxidation, respectively, of com-
pounds adsorbed on the surface of a photocatalyst. Such an
interpretation accounts for the photocatalytic reactions of semi-
conducting and insulating materials absorbing photons by the
bulk of materials. In the definition of “photocatalysis” given
above, however, no such limitation based on the electronic struc-
ture of a photocatalyst is included. For example, isolated

CB AG.<0 CB
e € e
L] [ ]
5 Absorption : AG>0 Absorption : AG<0
2 . o =
L ° °
e[ AGy<0 b [ AGy<0
VB VB
Photocatalyst

Downbhill
electron transfer

Uphill electron
transfer

______________________________________________________

Fic. 2. Gibbs-energy change in photocatalytic reactions.
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chemical species, not having the above mentioned band struc-
ture, on or in a solid can be a photocatalyst, and even when a
bulk material is used, the photoabsorption and resultant
photocatalytic reaction may proceed at a localized site when,
for example, photocatalysts are photoirradiated at a wavelength
near the band gap. An example is a gold-modified titania
photocatalyst which induces “photocatalytic” decomposition of
organic compounds under aerated conditions by photoabsorption
of surface-plasmon resonance of gold particles (8). Therefore, the
interpretation using a band model is not always adequate for
understanding photocatalysis. In this sense, the term “heteroge-
neous photocatalytic reaction (photocatalysis)” seems better than
“semiconductor photocatalytic reaction” based on the electronic
band structure.

B. BAND STRUCTURE AND EXCITATION

An important point in general understanding of the mecha-
nism of photocatalysis is that photoabsorption and (e'—h™) gener-
ation (Fig. 3) are inextricably linked; a VB electron is not excited
after photoabsorption. This interband (band-to-band) excitation
is often illustrated by three bands, CB, forbidden band (band
gap) and VB, in which an electron moves vertically from the
VB to CB, that is, no spatial change in the position of electron,
though the author sometimes encounters misunderstanding that

Surface?
Conduction band (CB)
LUMO
o |
3 S A
@ e Absorption Absorption ~ g
w ° °
® °
HOMO T e
Valence band (VB) |
Semiconductor/ Atom/molecule

insulator

Fic. 3. Photoabsorption by transition of electrons in the VB or
HOMO to the CB or LUMO in a semiconductor/insulator or atom/mole-
cule, respectively.
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an electron migrates from VB to CB spatially. Anyway, the above
mentioned interpretation seems a little strange considering the
meaning of band structure and band-to-band transition, in which
electrons are not localized and therefore electrons and positive
holes can migrate within a crystal; an unlocalized excitation
state may be described as “photoexcited crystal,” for example,
an excited state of titania, without showing localized e —h". Do
e and h" migrate in the CB and VB, respectively, after photo-
absorption, that is, photoexcitation? When we illustrate the elec-
tronic structure of a molecule, lines are drawn to show the
electronic state (Fig. 3); the length of these lines does not mean
spatial distribution of electrons in those states. This should also
be the case for semiconducting (or insulating) materials, and
band-to-band transition just means that an electron in the VB
is excited to the CB without clarifying the location of e and h™.
Sometimes we, at least the present author, misunderstand that
e and h" migrate to the surface. (Right or left end of the CB
and VB in Fig. 3 is often assigned to “surface.”)

A possible interpretation for better understanding for e —h™
location is that there are sites trapping e~ or h™ in the crystal lat-
tice and that e” and h™ are trapped by these sites “immediately”
after the band-to-band transition, that is, photoabsorption (9).
Location of e and h' in the initial stage of photocatalysis as well
as the rate should be controlled by the density and spatial distri-
bution of these traps in a photocatalyst. However, there is little
information on the density and spatial distribution of traps, since
the structure of traps has not been fully clarified (10).

C. Positive HoLE

A significant problem in studies on photocatalysis is the defini-
tion of “positive hole.” Positive hole is defined as a defect of an
electron (i.e., a positive hole must be included in a substance,
while an electron is a real substance). Therefore, not only
h* produced by photoinduced band-to-band transition in solid
materials but also a hydroxyl radical, which is a one-electron
deficient hydroxyl anion, can be a positive hole. If this definition
is accepted, there should be no difference in the photocatalytic
oxidation mechanisms between “direct hole transfer” and “sur-
face-adsorbed hydroxyl radical reaction,” since it is well known
that the surface of a metal oxide is covered with chemically or
physically adsorbed water and a positive hole passing through
this water layer into a solution may be a hydroxyl radical or its
protonated or deprotonated species (Fig. 4). Actually, hydroxyl
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Fic. 4. Transfer of positive holes from bulk of a photocatalyst
through the interface to aqueous solution phase. Surface-adsorbed
and free (hydrated) hydroxyl radicals and its derivatives can be a pos-
sible form of positive holes.

radicals were detected in a suspension of titania particles under
ultraviolet irradiation (11,12). Although the author does not
know from when people in this field believed that photocatalysis,
especially by titania, includes oxidation of organic substrates by
hydroxyl radicals that are liberated by the reaction of positive
holes and surface-bound water or hydroxyl groups, the detection
of hydroxyl radicals might be the reason for this misunderstand-
ing. A problem is the difficulty in obtaining proof for a certain
reaction intermediate; one acceptable way to show intermediacy
of a species is to show the disappearance of an intermediate,
when a reaction substrate is added, with the rate being the same
(but in the opposite direction) as that of liberation of a product.
However, as far as the author knows, there have been no reports
showing this for hydroxyl radical.

D. FErmI LEvEL

Fermi level is a kind of measure of equilibrium electronic
energy of a solid material. It is thought that Fermi level is
located just below the CB bottom and above the VB top for n-type
and p-type semiconducting materials (13), respectively. Most
metal oxides are categorized as n-type semiconductors with
Fermi levels more cathodic (higher) than the standard electrode
potential of electrolyte in contact with the metal oxide and
thereby electrons in donor levels a little below the CB are
injected into the electrolyte to form a space charge (depletion)
layer with an electric field, that is, Schottky barrier. In the
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1980s, it was thought that this inner electric field separates
e —h" effectively; that is, e and h" migrate to the bulk and
surfaces of semiconductor electrodes and particles, but it seems
that this is not the case for untreated photocatalyst particles
because of the expected large thickness of this layer due to very
low density of donor levels in ordinary photocatalyst particles.

E. OvVERALL THERMODYNAMICS

Change in Gibbs energy (AG) of a given reaction is often
discussed in chemistry. If AG is negative (AG<0) and positive
(AG >0), the reaction releases and absorbs energy, respectively,
and both situations are possible for photocatalytic reactions.
Why can photocatalysts drive a reaction of positive AG which
does not proceed spontaneously? A possible answer is that a
redox reaction can be achieved, even if the overall AG is positive,
in a system in which reduction and oxidation steps are spatially
or chemically separated, otherwise reaction between reduction
and oxidation products proceeds to give no net products. Under
these conditions, both of Gibbs-energy change for reactions of e~
with oxidant (AG.) and h" with reductant (AGy,) are required to
be negative, that is, reactions by e~ and h™ proceed spontane-
ously after photoexcitation (Fig. 2). As discussed in Section III.
A, it is often emphasized that a thermodynamic requirement
for photocatalytic reaction is more cathodic and anodic levels of
the CB bottom and VB top compared with the standard electrode
potential of an oxidant and a reductant, respectively, to make
Gibbs-energy change of both reactions negative. However, this
is only one of necessary conditions and another important neces-
sary condition, though negligibly discussed, is separation of
reduction and oxidation by e~ and h*, respectively, for both types
of reaction with positive and negative AG (14). Actually, many
studies have revealed “potential photocatalysts” for photoin-
duced water splitting using two kinds of model reaction for
hydrogen and oxygen production from aqueous methanol and
an aqueous solution of silver salt; production of hydrogen and
oxygen in each reaction proved that positions of the CB bottom
and VB top are more cathodic and anodic compared with the
standard electrode potentials for H/Hy, and Oo/Hy0O systems,
respectively, though only a few photocatalysts could produce
hydrogen and oxygen at the same time in the absence of sacrifi-
cial electron donors and acceptors.



404 B. OHTANI
F. ENERGY CONVERSION

Photocatalytic and photoelectrochemical cleavage of water pro-
duces hydrogen (Hj), as an ideal fuel emitting only water, and
oxygen (Oy) and many researchers are trying to establish a
highly efficient system for water splitting under solar radiation.
Since this reaction requires input of energy due to its positive
Gibbs energy, energy of light is used. The efficiency of conversion
of light energy to chemical energy thus becomes important (15).
It should be noted that there are at least two kinds of methods
for calculation of the efficiency: number (molar amount)-based
and energy-based methods. The former is the same as “quantum
efficiency,” which is calculated as a number ratio of product(s)
and photons absorbed by (quantum efficiency) or incident on
the reaction system (apparent quantum efficiency; ¢ in Fig. 5)
per time unit. For discussion on energy conversion, the latter
energy-based calculation should be used. Since the energy of H,
(and Oj) shown in the difference in electrochemical potential,
that is, electromotive force (emf), is 1.23 eV, energy-conversion
efficiency is 100% when light of 1.23-eV energy (ca. 1000-nm
wavelength) is absorbed completely by a photocatalyst and all
liberated €™ and h™ are used for water cleavage. The most signif-
icant point of photocatalysis and photoelectrochemical reaction is
that even if light of energy much greater than the band gap of
semiconducting materials as a photocatalyst or photoelectrode
is used, potential of €~ and h* is fixed at the position of the CB
bottom and VB top, respectively. Therefore, the energy-conver-
sion efficiency is halved when 2.46-eV light (504 nm) is used with
constant apparent quantum efficiency (Fig. 5a). Although it is
often claimed that extension of the limiting wavelength of
absorption by photocatalysts and photoelectrodes is necessary
in order to utilize solar energy more efficiently, relatively low
energy-conversion efficiency at a shorter wavelength has still
not been improved. It should also be pointed out that there is a
limitation of the longer-wavelength side depending on the reac-
tion to drive, for example, ca. 1000 nm at longest for water
splitting as described above (16).

There is still a problem in calculation of energy-conversion effi-
ciency when electrochemical or chemical bias is also applied in
photoelectrochemical or photocatalytic reaction of positive Gibbs
energy. For example, as shown in Fig. 5c, energy-conversion effi-
ciency for a photoelectrochemical system consisting of an n-type
semiconductor and metal counter electrodes with bias voltage
Ab is possibly expressed as follows:
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Fic. 5. (a) Photo-to-chemical energy-conversion efficiency of
photocatalytic reaction calculated as an integral of the product of
apparent quantum efficiency (¢ ) and Gibbs-energy change (storage)
divided by photon energy (Ephoton) as a function of wavelength. (b) In
the case where Gibbs-energy change is negative, energy-conversion effi-
ciency cannot be defined, or is defined to be zero. (c¢) Electrochemically
biased (Ab) photoelectrochemical cell consisting of an n-type semicon-
ductor and metal counter electrodes.
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AG — Ab
= Eomoon
photon

However, the reasonability of this calculation has been scarcely
discussed so far.

1)

(energy conversion efficiency)

IV. Kinetics
A. FirsT-OrRDER KINETICS

It is well known that first-order kinetics is commonly observed for
reactions occurring in homogeneous phases, that is, reactions in
homogeneous solutions orin gas phase. Ideally, rate of a monomolec-
ular reaction obeys first-order rate expression which is explained by
that the proportion (number) of molecules that have kinetic energy
larger than the activation energy is determined only by the temper-
ature of reaction and actual number of molecules with energy for
activation is proportional to the concentration (or pressure) of
molecules. For these reactions, kinetic data are analyzed by plotting
the logarithm of concentration of a substrate or a product against
time of the reaction (17) to obtain a linear line, and absolute value
of the slope of the line is a rate constant, £ (Fig. 6). The rate (r) of
consumption of a substrate (A) is shown by the following equation.

__dA]
St

On the other hand, kinetics of reactions occurring on a solid
surface, that is, catalysis or photocatalysis, must be significantly
different. There may be two representative extreme cases. One is
so-called a diffusion controlled process, in which surface reactions
and the following detachment process occur very rapidly to give a
negligible surface concentration of adsorbed molecules, and the
overall rate coincides with the rate of adsorption of substrate
molecules. In this case, the overall rate is proportional to concen-
tration of the substrate in a solution or gas phase (bulk), that is,
first-order kinetics is observed (18). The other extreme case is so-
called surface-reaction limited, in which surface adsorption is kept
in equilibrium during the reaction and the overall rate coincides
with the rate of reaction occurring on the surface, that is, reaction
of e and h™ with surface-adsorbed substrate (19). Under these
conditions, the overall rate is not proportional to concentration of
the substrate in the bulk unless the adsorption isotherm obeys a
Henry-type equation, in which the amount of adsorption is propor-
tional to concentration in the bulk (20). In the former case, the rate

= k[A]. 2)
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Fic. 6. First-order kinetic analysis for a reaction consuming a sub-
strate A. Plot of logarithm of relative consumption (in the present plot,
ratio of initial concentration of substrate A and concentration of A at a
given time).

of photocatalytic reaction obeys the first-order rate law, but this is
only formal and does not mean the mechanism of monomolecular
reaction with activation energy.

One of the most significant points that we must consider in scien-
tific studies, not limited to studies on photocatalysis, is distinction
between “evidence” and “consistency,” as least as far as the author
thinks. In other words, it is necessary to recognize every fact to be
a “necessary condition” but not a “sufficient condition” in a strict sci-
entific sense. For example, the fact that a reaction rate obeys the
first-orderrate law giving alinearrelationin a plot of data asin Fig. 6
is only a necessary condition for a monomolecular reaction in homo-
geneous phase and also a necessary condition for heterogeneous
photocatalytic reaction in diffusion-limited conditions or that in sur-
face-reaction limited conditions with a Henry-type adsorption or a
Langmuir-type adsorption in the lower-concentration region.

B. LaneMUulR—HINSHELWOOD MECHANISM

The term “Langmuir-Hinshelwood mechanism” has often been
used in discussion of the mechanism of photocatalytic reaction in
suspension systems, but, as far as the author knows, there has
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been no definition given for the Langmuir-Hinshelwood (L—H)
mechanism in photocatalytic reactions. In most cases, authors
have claimed that a photocatalytic reaction proceeds via the
L-H mechanism when a linear reciprocal relation is observed
between the reaction rate and the concentration of reaction sub-
strate in a solution. These experimental results seem to be con-
sistent with the following equation:

ksKC
"ERCH 1 8)

where r, k, K, s, and C are rate of the reaction, rate constant of
the reaction of the surface-adsorbed substrate with e~ (h™),
adsorption equilibrium constant, limiting amount of surface
adsorption, and concentration of substrate in the bulk at equilib-
rium, respectively (21), when the substrate is adsorbed by a
photocatalyst obeying a Langmuir isotherm and the adsorption
equilibrium is maintained during the photocatalytic reaction,
that is, the rate of adsorption is faster than that of the reaction
with electrons or holes (Section IV.A). Such a situation is often
called “light-intensity limited,” that is, photoabsorption is the
rate-determining step (22). Several methods for linearization of
Eq. (3) have been reported, but two kinds of plots are often
employed for analysis. As shown in Fig. 7, the most popular
one is a plot of reciprocal rate against reciprocal concentration,
and another one is a plot of ratio of concentration to rate against
concentration. Both plots give ideally the same values of
parameters, ks and K, while the former plot reflects mainly
lower-concentration data with probable relatively large experi-
mental error.

The original meaning of the term “Langmuir—Hinshelwood
mechanism” in the field of catalysis is, to the author’s knowledge,
a reaction of two kinds of molecules proceeding on a surface in
which both molecules are adsorbed at the same surface adsorp-
tion sites with the surface reaction being the rate-determining
step (in the original meaning of “rate-determining step”). Of
course, the general rate equation for the L-H mechanism (not
shown here) includes two sets of parameters for two kinds of
molecules, and when one set of parameters is neglected, the
equation is for a monomolecular reaction, similar to the
photocatalytic reaction of a substrate adsorbed in Langmuirian
fashion. However, at least in the field of catalysis, the term
L—H mechanism is rarely used for such monomolecular surface
reactions, since the L-H mechanism has been discussed for a
bimolecular surface reaction by comparing with the Rideal-Eley
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Fic. 7. Simulation of linearized plots for kinetics governed by sur-
face concentration of substrates adsorbed on the photocatalyst surface
in a Langmuirian fashion, where r, C, k, K, and S are rate of reaction
(mol s~ 1), concentration of a substrate (molL~1!), rate constant
(10~ *s~ 1), adsorption equilibrium constant (5 L mol '), and saturated
amount of adsorption (2 x 10~ 2 mol).

mechanism, in which a surface-adsorbed molecule reacts with a
molecule coming from the bulk.

Even if the L-H mechanism is defined as the reaction of a sur-
face-adsorbed substrate obeying a Langmuir isotherm governing
the overall rate, the frequently reported experimental evidence,
a reciprocal linear relation between concentration of the sub-
strate in solution and rate of photocatalytic reaction is not
always proof of this mechanism. From the linear plot, two
parameters are calculated (23). One (often shown as “k,” not as
“ks”) is a limiting rate of the reaction at the infinite concentration
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giving maximum adsorption, that is, ks, and the other is the
adsorption equilibrium constant, K. The former parameter is a
product of rate constant and adsorption capacity of a
photocatalyst and this may be a photocatalytic activity. The lat-
ter parameter shows the strength of adsorption and must be
the same as that estimated from an adsorption isotherm
measured in the dark. If kinetically obtained K is different from
that obtained in dark adsorption measurement, the L—H mecha-
nism cannot be adopted. Therefore, dark adsorption measure-
ment is always required. Finally, it should be noted also in this
case that a linear relation fitting to a Langmuir-type adsorption
isotherm and similarity of adsorption equilibrium constant
evaluated using photocatalytic reaction rate and by dark adsorp-
tion experiments are only necessary conditions; the observed
reaction rate is “consistent” with kinetics of a substrate
undergoing Langmuir-type adsorption and does not exclude the
possibility of other reaction kinetics (24).

C. ErEcTRON—HOLE RECOMBINATION

Recombination of e~ and h* occurs in photocatalysts in some
degree and it has been believed that this reduces quantum effi-
ciency, that is, efficiency of e ~h™ used in the chemical reaction
(s), and overall photocatalytic reaction rate. Since recombination
does not produce any chemicals, it is not easy to estimate the
rate of recombination directly. One possible way for estimation
of recombination rate is to subtract the overall rate of chemical
reaction by e —h" from the rate of photoabsorption, but the
obtained data cannot give any other information.

Kinetics of e ~h™" recombination may depend on its mode; if one
electron is excited and this is recombined with h*, the recombi-
nation rate obeys the first-order rate law, while if multiple
e —h" appears at the same time within a photocatalyst particle,
the rate obeys the second-order rate law. Actually, in a femtosec-
ond pump—probe diffuse reflection spectroscopic analysis of tita-
nia samples, photoabsorption at 620 nm by trapped electrons
showed second-order decay with a component of baseline as
follows:

(absorption) = oc{ [0} T + BL}, (4)

1+ kr[eo

where o, [eg], £y, t, and BL are a constant, initial concentration of
trapped electrons at time zero, second-order rate constant, time
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after pump pulse (310 nm), and baseline component, respectively
(25). A baseline component might correspond to electrons
trapped in deep traps. Different from kinetic analysis based on
the first-order rate law (Section IV.A), analysis based on the sec-
ond-order rate law requires absolute values of concentration ([eg]
in Eq. (4)) and photoabsorption coefficient (« in Eq. (4)) of a target
compound, but these cannot be determined experimentally, at
least when the analyses are performed and calculation is per-
formed assuming « to be unity. An example of these kinetic ana-
lyses is shown in Fig. 8 for Degussa (Evonic) P25 (26). Although
the thus-obtained second-order rate was relative, it was observed
that k,’s of different titania samples in the form of powder are
proportional to those in suspension systems, suggesting that k&,
can be a measure of rate of recombination. However, it must be
noted that such a second-order recombination process cannot be
reproduced in an ordinary photoirradiation process in which
lower light intensity induces single-electron photoexcitation and
mutual recombination occurs obeying the first-order rate
law (27).

D. QuantuMm EFFICIENCY

The term “quantum efficiency” or “quantum yield” was origi-
nally defined as a ratio of number of products (or consumed
starting material) to that of absorbed photons in photoreaction
in homogeneous phase, that is, in solutions or gas phase,

006 T T T T T T
k.=13cm?® ps~’
» 004 ]
(8]
C
®
£ 0.02 i
[e]
8
< o Lillda, i
—0.02 I 1 1 1 1 1
-10 0 10 20 30 40 50 60
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Fic. 8. An example of picosecond-time-region decay of photo-
absorption (620 nm) of trapped electrons in Degussa (Evonic) P25 par-
ticles after excitation by a ca. 100-fs pump pulse (310 nm). The curve
was analyzed by a second-order rate law (Eq. (4)) with a baseline com-
ponent (BL), and a second-order rate constant (k,) was obtained to be

13cm ™! ps~ L
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assuming that one photon induces reaction or change in one mol-
ecule since a multiple-photon process and subsequent multiple-
electron transfer can be neglected in ordinary photoirradiation
conditions with relatively low photon flux. Confusion might arise
when this concept is applied to photocatalysis, in which a multi-
ple-photon process and at the same time radical chain reaction
may be included, especially in reaction in the presence of oxygen.

In a heterogeneous photocatalytic reaction, in which multiple
photons are absorbed due to the relatively large size of particles
compared with the size of molecules, multiple-electron (positive
hole) transfer may occur. For example, photocatalytic silver
metal deposition accompanied by molecular oxygen (O3) libera-
tion proceeds with the following stoichiometry (28):

4Ag" + 2H0 — 4Ag + Op +4H" (5)

For the determination of quantum efficiency, it is necessary to
make an assumption on how many photons are required for the
reaction. One of the possible and the most frequently employed
assumptions is that four photons are required for liberation of
one oxygen molecule, four silver metal atoms, or four protons,
and when the O, yield is used, the quantum efficiency is calcu-
lated to be

4n(0O

_4n(0) (6)
n(photon)

where n is the number of molecules or photons. Thus, for the cal-
culation of quantum efficiency of heterogeneous photocatalytic
reactions, it is reasonable to consider the efficiency of utilization
of electrons—positive holes assuming that an electron and posi-
tive-hole pair is produced by absorption of a photon. However,
since neither a photoexcited electron nor a positive hole appears
in stoichiometry, the above-mentioned consideration may not
always be straightforward. For example, acetic acid dissolved in
air-saturated water is decomposed into carbon dioxide by an
appropriate suspended photocatalyst with the following proposed
stoichiometry:

CH;COOH + 20, — 2C0, + 2H,0. (7)

How many photons are required for this reaction? Assuming that
only Og is reduced by photoexcited electrons in this reaction and
that reduction of an Oy molecule requires four electrons, this
reaction is an eight-electron process. However, since the
photocatalytic reaction of acetic acid may include a radical chain
mechanism or at least addition of O, to intermediate radicals, an



PHOTOCATALYSIS BY INORGANIC SOLID MATERIALS 413

acetic acid molecule could be decomposed by less than eight
electrons. It is impossible to calculate intrinsic quantum effi-
ciency, that is, efficiency of utilization of electron—positive-hole
pairs, only from the product yield. Therefore, quantum efficiency
is reported with the description that a given reaction is assumed
to proceed through a proposed multiple-electron process (e.g.,
eight for the acetic acid decomposition in Eq. (7)).

Another problem for the determination of quantum efficiency
is the difficulty in determining the number of absorbed photons.
Unlike measurement for homogeneous solutions, solid materials
scatter incident photons to reduce the light intensity arriving at
a detector in a spectrophotometer. In the wavelength region in
which only some of the photons are absorbed, that is, around
the band-edge wavelength, it is difficult to measure the photo-
absorption efficiency. Therefore, apparent quantum efficiency
(photonic efficiency) has often been used instead of quantum effi-
ciency, and apparent quantum efficiency is calculated by the
number of incident photons rather than the number of photons
used for quantum efficiency calculation. Since quantum effi-
ciency is defined as efficiency of electron—positive-hole utiliza-
tion, apparent quantum efficiency is a product of efficiencies of
photoabsorption and electron—positive-hole utilization. Of
course, both quantum efficiency and apparent quantum effi-
ciency depend on the irradiation wavelength and sometimes on
the irradiation intensity, and thereby the data should be shown
with wavelength and preferably with intensity. In this sense,
such measurement must be performed by monochromatic irradi-
ation; irradiation with sharp-cut optical filters is inappropriate.

E. RATE-DETERMINING STEP

Assuming that a certain reaction proceeds through a series of
steps without any branching reactions, the rate must be the
same as the rate of the slowest step, the rate-determining step,
that is, the overall activation energy is that of the rate-determin-
ing step (Fig. 9). This original definition cannot be directly
applied to photocatalysis. A possible reason is that reactions by
photoexcited electrons and positive holes occur in parallel, not
in series (Fig. 9). Considering the requirement of photocatalysis
for the same numbers of electrons and positive holes to be used
(consumed), it seems possible to compare the rates of electron
and positive-hole reactions. However, it seems that the overall
reaction rate is also influenced by recombination of e —h™. In
ordinary photochemistry in homogeneous phase, steady
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Fic. 9. (a) Model interpreting a rate-determining step in a four-step
series reaction. Step 3 with largest activation energy determines the
overall rate. (b) Simplified scheme of photocatalytic reaction with a
photocatalyst “pc.” It is clear that this process is not a series reaction
since a “deactivation step” is included.

(stationary)-state approximation is used to analyze the kinetics,
assuming forward reaction to give products and backward reac-
tion, that is, de-excitation. In such analyses, there may be no
rate-determining step.

V. Visible Light-Induced Photocatalysis

A. BACKGROUND

It has been claimed since the early stage of studies on photo-
catalysis that only one possible drawback of titania is its photo-
absorption wavelength range shorter than ca. 400 nm; titania
can absorb ultraviolet light included a little in solar radiation
(29). Since solar radiation includes light of wavelengths from
280 to 4000 nm, use of photocatalysts that absorb light in visible
and near-infrared regions is highly desired. However, light of
longer wavelength has smaller energy, leading to a decrease in
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potential for redox reactions, and thereby reactions driven by vis-
ible-light irradiation are limited to those satisfying the thermo-
dynamic and kinetic requirements (Sections III.LE and IILF).
Many studies have been performed to design and develop
photocatalysts that work under visible-light irradiation.

First, the boundary wavelength between ultraviolet light and
visible light should be defined. The meaning of the term “visible
light” is light that can be seen, and the limiting wavelength
differs among individuals. Many studies demonstrating that vis-
ible light induced, as expected, a photocatalytic reaction used the
condition of photoirradiation through an optical cut-off filter,
L-42 or its equivalent, and the irradiation wavelength under
such conditions used to be described as “>420 nm.” However, this
is inadequate because this filter transmits light of wavelength
>ca. 390 nm (30). Actually, in the author’s experience, apprecia-
ble photocatalytic activity of not only rutile but also anatase tita-
nia photocatalysts could be observed by irradiation through the
filter. When this optical filter is used for irradiation, at least
comparison of the photocatalytic activity with that of a represen-
tative titania photocatalyst, such as P25 (Degussa (Evonic)) or
ST-01 (Ishihara Sangyo), is necessary. Otherwise, optical cut-off
filters of longer transmission limits should be used. One of the
possible and smart ways is to define “visible light” as light that
gives photocatalytic reaction product less than the detection
limit of analyses by titania and to use an appropriate optical
filter to realize this, considering the history of studies on
photocatalysis.

B. Dorine

Strategies that have usually been employed, since the discov-
ery of visible light-induced activity of nitrogen-containing titania
particles by Asahi et al. (31), in studies on visible light-induced
photocatalysis are modification (doping) of titania to give visi-
ble-light absorption or use of colored mixed metal oxide and
nitride. Although it is expected that such doping of crystalline
and mixed metal oxide/nitride may induce production of lattice
defects, which enhance electron—hole recombination, resulting
in lower photocatalytic activity (32), discussion of the strategies
is not a purpose of this review. Some problems in the studies
on visible light-photocatalytic activity are discussed here.

One possible reason for the explosive growth in the number of
papers on doped material is an unclear definition of the term
“doping.” As far as the author knows, the meaning of “doping”
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is incorporation of atoms or ions in a crystalline lattice, that is,
modification of the bulk structure of crystallites, but not modifi-
cation of surfaces. However, as far as the author knows, such
location of hetero atoms or ions has negligibly been discussed
(33). If an adequate analytical method(s), if any, is (are)
employed, average density of hetero atoms/ions can be deter-
mined, and if mapping of elements can be performed with higher
sensitivity, spatial distribution may be elucidated. The effect of
doping must be discussed on the basis of this structural informa-
tion, though there have been few reports containing such discus-
sion so far. In relation to this problem, recent papers claimed
that in procedure for nitrogen doping using urea, heptazine
derivatives are produced on the surface of titania particles and
work as a photosensitizer and/or photocatalyst (34), that is, nitro-
gen is not “doped” in the titania lattice but is included as a sur-
face modifier.

C. Proor For VisiBLE LiGHT-INDUCED PHOTOCATALYSIS

Even if introduced hetero atoms/ions are not “doped” in the lat-
tice, it is useful to prepare modified photocatalysts with visible-
light absorption by introducing hetero atoms/ions. One problem,
however, is that only newly appearing visible-light photo-
absorption and photoinduced reaction rate under visible-light
photoirradiation are often described in papers. As the author’s
group reported, the use of organic dyes for a photoinduced degra-
dation test is inappropriate because those dyes might be
adsorbed and work as visible-light photosensitizers, and it is
preferable to show resemblance of absorption (diffuse reflection)
and actions spectra, that is, photocatalysis by doped (modified)
photocatalysts can be proved through action spectrum analysis.
Figure 10 presents representative results proving visible-light
response of sulfur-doped titania (35), as a rare case among stud-
ies on visible light-sensitive photocatalysts, showing the resem-
blance of a diffuse-reflectance spectrum with an action
spectrum for photocatalytic oxidative decomposition of acetic
acid in aerated aqueous solution; doping of (or at least modifica-
tion with) sulfur induced photoabsorption and photocatalytic
activity in the visible-light region. In other words, showing that
a certain reaction proceeds under the above mentioned visible-
light irradiation conditions is not proof of visible light-induced
photocatalytic activity unless an appropriate compound is used
for the photocatalytic activity test. Dyes have relatively large
photoabsorption (extinction) coefficients (This is the reason why
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Fic. 10. Diffuse reflectance (photoabsorption) and action spectra for
acetic acid, having no absorption in the visible-light wavelength range,
decomposition in aerated aqueous solutions of sulfur—doped titania
(S-TiO3) and Degussa (Evonic) P25.

they are used as dyes, i.e., coloring agents.) and therefore
measurements of their concentrations in solutions are easy even
if the concentrations are very low. However, the fact that dyes
absorb visible light indicates that a photoreaction might be
induced by visible-light photoabsorption (dye sensitization) as
well as by photoabsorption of a photocatalyst. Although this
problem had been pointed out earlier, there have been no clear
experimental results showing the self-photodecomposition of
dyes, presumably due to the difficulty in determining the mecha-
nism of this photoreaction. Actually, determination of the extent
to which incident photons are absorbed by a dye and
photocatalyst is difficult. A paper has been published to show
that methylene blue (MB), the most frequently employed dye,
as well as, presumably, other kinds of organic dyes, is inappro-
priate as a model compound, particularly for testing visible
light-induced photocatalytic activity (36). There are at least three
reasons for its inappropriateness. One is that the dye molecules
absorb photons, especially in the visible-light range, and thus
photoexcited electrons may be injected into photocatalyst



418 B. OHTANI

particles as has been suggested by similarity of the action spec-
trum similar to the photoabsorption spectrum of the dye (37-39)
(Fig. 11). Another reason is that the absolute molar amount of
dye contained in the reaction system can be much smaller than
that of a solid photocatalyst. The concentration of dye in the solu-
tion should be relatively low since the absorption coefficient is
large. These two facts are closely related to the problem of how
we can prove a given reaction to be “photocatalytic,” as discussed
in Section IT.A. The third reason is that the mechanism of dye deg-
radation is so complicated that efficiency of the photocatalytic
reaction, for example, quantum efficiency, cannot be measured.
Measuring the consumption (decrease) of a dye during photo-
irradiation requires only a spectrophotometer, but the use of dyes
as model compounds is inappropriate, and if dyes are used, care
must be taken in the analysis of experimental results.

An action spectrum is a plot of apparent quantum efficiency,
not quantum efficiency, against wavelength of light used for
apparent quantum efficiency measurement. Therefore, it is clear
that monochromatic light irradiation is required to record an
action spectrum. Usually, a grating-type monochromator is used
with a light source such as a xenon arc lamp. Interference-type
optical filters, transmitting at only a certain wavelength region,
are also used for monochromatic irradiation, though wavelengths
of possible irradiation are limited. Because of possible dependence
of apparent quantum efficiency on light intensity (40), it is prefera-
ble to adjust the light intensity at each wavelength (41). Wave-
length-selective irradiation can be carried out using optical filters

A CB
o
e” S
> i (hv
6 ——
c
i}
VB
(4) O, (3) semi- (2) dye
conductor

Fic. 11. Possible mechanism of “dye-sensitized” photoinduced oxida-
tive decomposition of dye in the presence of oxygen. Components (1)—(4)
are necessary conditions for “dye-sensitized reaction” and they are also
necessary conditions for ordinary photocatalytic reaction.
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that transmit light of wavelength longer than a certain limit, that
is, “cut-off filters.” By using a number of filters with different cut-
off wavelengths, a plot of apparent quantum efficiency against
the cut-off wavelengths can be obtained, and this “pseudo-action
spectrum” seems like a “true” action spectrum obtained by the
above-described monochromatic irradiation. However, those are
completely different; a pseudo-action spectrum is an integrated
(from longer to shorter wavelengths) form of a “true” action spec-
trum based on the assumption that light intensity is constant in
the whole range of irradiation, because of the difference in irradia-
tion wavelength region (Fig. 12). Consequently, the corresponding
action spectrum should be estimated by differentiation of the
pseudo-action spectrum; a horizontal part in a pseudo-action spec-
trum (Fig. 12), if any, shows that apparent quantum efficiency at
the wavelength is negligible even if an appreciable value is seen
in the pseudo-action spectrum.

D. CocaraLyst LoapING FOR MULTIPLE ELECTRON TRANSFER

As has been discussed in Section IIL.E; a photocatalytic reac-
tion can proceed if the CB bottom and VB top are more cathodic
and anodic than the standard electrode potentials of electron
acceptors and donors, respectively. Therefore, band-edge position
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Fic. 12. Examples of action and pseudo-action spectra for photoin-
duced reaction by an ordinary semiconductor photocatalyst (shorter
wavelength) and an organic dye (longer-wavelength peak). A pseudo-
action spectrum taken by cut-off filters corresponds to integration of
the “true” action spectrum from the longer-wavelength side.
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is very important to predict the possibility for driving a
photocatalytic reaction. On the other hand, the gap between
the CB bottom and VB top, a band gap, determines the photo-
absorption spectrum, that is, wavelength range to be absorbed by
a photocatalyst. For ordinary simple and mixed metal oxides, it
has been reported in the 1980s that change in the metal induces a
shift of the CB bottom position, while the VB top position is
unchanged because the VB is mainly composed of oxygen 2p atomic
orbitals commonly contained in metal oxides (42). This means that
narrowing the band gap of a metal-oxide photocatalyst shifts the
CB bottom position to more anodic, that is, decreasing the ability
of reduction by e”. In most applications of photocatalysis, molecu-
lar oxygen is reduced by e”, and its standard electrode potential
of one-electron reduction of oxygen to give superoxide anion radical
(O2*) lies just below the CB bottom of anatase titania, absorbing
only ultraviolet light. A shift of the absorption range of titania
to visible means a shift of the CB bottom below the potential
for one-electron reduction of oxygen. The reason for negligible
photocatalytic activity of tungsten(VI) oxide (tungstena), absorb-
ing visible light of wavelength up to ca. 470 nm, for oxidative
decomposition of organic and inorganic compounds in air is
accounted for by the lower CB bottom position. Thus, ordinary
metal oxides cannot be a photocatalyst being active for oxidative
decomposition under visible-light irradiation (43).

Recently, it was reported that loading small amount of plati-
num onto tungsten(VI) oxide enhances the visible-light
photocatalytic activity significantly and this is caused by the cat-
alytic action of platinum to induce multiple-electron transfer to
oxygen (44). Reactions of two and four-electron transfer processes
are as follows (potential in parentheses is standard electrode
potential versus standard hydrogen electrode at pH 0).

O, + 2H' + 2e~ — Hy04(0.695V), (8)

Os + 4H" + 4e~ — 2H,0(1.23V). (9)

The standard electrode potentials are far more anodic than that of
one-electron transfer process, —0.284 V (SHE) and the visible-light
photocatalytic activity of platinum-loaded tungsten(VI) oxide could
be interpreted by enhanced multiple-electron transfer process by
deposited platinum (45), since it is well known that platinum and
the other noble metals catalyze such multiple-electron transfer pro-
cesses. Similar phenomena, cocatalyst promoted visible-light
photocatalytic activity, have been reported with palladium (46)
and copper oxide (47). Thus, change of reaction process seems
beneficial to realize visible-light photocatalytic activity.
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VI. Design of Active Photocatalysts
A. PuysicaL. PROPERTY—ACTIVITY CORRELATION

A.1. Nanostructured photocatalysts

There have been many reports on preparation of
photocatalysts with nanometer-sized structures, for example,
nanoparticles, nanoplates, nanocubes, nanorods, nanotubes or
nanowires, as well as their photocatalytic activities, and the
number of such reports is still increasing (48). A possible reason
for such an explosive increase in studies on nanostructured
photocatalysts is popularization of low-priced pressure-tolerant
Teflon bottles for hydrothermal reactions. By using this type of
apparatus, a variety of inorganic compounds can be prepared
and morphology can be changed depending on the reaction
conditions. Scanning or transmission electron microscopic
images of those nanostructured photocatalysts (even non-
photocatalysts) are attractive and interesting. However, consid-
ering that we do not know what structural parameters of
photocatalysts govern the photocatalytic activity or how they
govern the photocatalytic activity, there seems to be no assured
reason why nanostructured materials, rather than ordinary
nonstructured ones, should be employed.

A.2. Dependence of photocatalytic activities on physical and
structural properties

It can be said that not only the above mentioned “nano-struc-
ture” but also other ordinary physical or structural properties
measured for photocatalysts have not been proved to be decisive
factors for the photocatalytic activities. It is true that
photocatalytic activities of photocatalysts of certain components
prepared or treated in different ways or under different
conditions may be different and this is because physical and
structural properties of those photocatalysts differ depending
on the preparation/treatment conditions, that is, physical and
structural properties must control the photocatalytic activity
(49). A problem is we, at least the author, do not know how pro-
perties affect photocatalytic activity. A possible reason is that
those properties, though we do not know how many properties
are required for analysis, are changed at the same time. For
example, when titania photocatalysts are prepared by hydrolysis
of a titanium compound such as titanium(IV) sulfate or tetra
(2-propoxide) followed by calcination in air, higher-temperature
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calcination gives higher crystallinity, smaller specific surface
area and rutile crystallites, while lower-temperature calcination
gives lower crystallinity, larger specific surface area and anatase
crystallites. It has been reported that photocatalytic activity of
titania particles prepared in such a way decreased drastically
at the temperature at which anatase—rutile transformation
occurred. Since both crystalline form and specific surface area
were changed drastically at the same time and there have been
no reported ways to extract the intrinsic effect of each property,
it is difficult to determine which property (or both of them) is sig-
nificant. Discussions on property—activity correlations reported
so far, including those reported by a group of the author, may
involve such a problem. It can be said that rutile titania samples
with a small surface area that are prepared at a high tempera-
ture show low photocatalytic activity, but it is scientifically (logi-
cally) impossible to state that the conversion of crystalline form
or drastic reduction of specific surface area is the reason for the
low photocatalytic activity.

A.3. Extraction of intrinsic effects of physical and structural properties

A plausible method to extract the intrinsic effect of each physi-
cal and structural property is statistical analysis of data on phys-
ical and structural properties and photocatalytic activities for
samples of the same composition, such as titania. In a recent
study by the author’s research group, photocatalytic activities
and physical and structural properties of 35 commercial titania
powders were statistically analyzed to find the predominant
property (properties) determining the activity of a given reaction
system (50): standardized photocatalytic activities for five kinds
of reactions were fairly well reproduced by a linear combination
of six kinds of physical and structural properties of
photocatalysts, that is, specific surface area, density of crystal-
line defects, primary particle size, secondary particle size, and
existence of anatase and rutile phases. Recently, decahedral-
shaped anatase titania particles (DAPs) have been prepared by
controlled gas-phase reaction of titanium(IV) chloride and oxy-
gen at 1473 K (Fig. 13) (51). The photocatalytic activity of DAPs
was reported to be much higher than the photocatalytic activities
of commercial titania particles, for example, Degussa (Evonic)
P25, presumably due to relatively large specific surface area to
adsorb a large amount of the substrate(s) and high crystallinity,
that is, less crystalline defects to reduce e —h" recombination.
Then, how does the decahedral shape itself affect the
photocatalytic activity? It was suggested that high levels of
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(001) (101)

Fic. 13. A representative SEM image of decahedral anatase titania
particles prepared by controlled gas-phase reaction of titanium(IV)
chloride and oxygen at 1473 K. Most particles expose two square
(001) facets and eight trapezoidal (101) facets.

photocatalytic activity of DAPs could not be reproduced by corre-
lation equations derived in the above mentioned multivariable
analysis (52).

B. SynNERGETIC EFFECT

A hypothesis not proved scientifically regarding titania
photocatalysts, especially P25, is that the copresence of anatase
and rutile crystallites induces a high level of photocatalytic activ-
ity; transfer of photoexcited electrons and positive holes between
interconnecting anatase and rutile particles may enhance charge
separation and hence improve the efficiency of utilization of elec-
tron—hole pairs. However, as far as the author knows, there have
been no reports showing direct evidence of such interparticle
charge migrations and the expected lower level of activity of pure
anatase or rutile particles alone. In a scientific sense, isolation of
anatase and rutile crystallites from P25 is necessary to deter-
mine the crystalline composition and to check the synergetic
effect of anatase and rutile.

The term “synergetic effect” in photocatalysis could be defined
as follows: when more than two kinds of photocatalysts are used
as a mixture, the overall photocatalytic activity exceeds the sum
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Fic. 14. Hypothetical representation of relative photocatalytic
activities of mixtures of components A and B. A synergetic effect can
be suggested at least when a mixture shows better photocatalytic activ-
ity compared with those of pure components A and B.

of activities of each photocatalyst (Fig. 14). When a certain com-
ponent alone is not a photocatalyst and a mixture with another
photocatalyst shows improved activity, that component should
be called “cocatalyst” or “enhancer,” and the improvement cannot
be attributed to a synergetic effect. One of the representative
discussions on the synergetic effect is for anatase—rutile mixed
crystalline photocatalysts, such as Degussa P25 (53). The author
thinks that a synergetic effect has not yet been proved for P25,
and the effect seems to be speculation. This is natural consider-
ing that each component, anatase and rutile, in P25 had not been
isolated before the isolation of anatase by the author’s group.
Even if all of the components are isolated from the mixture,
how can we show a synergetic effect? Taking into consideration
the fact that a photocatalytic reaction proceeds by photo-
absorption of the photocatalyst and the fact that total number
of absorbed photons is not directly proportional to the mass (vol-
ume) of the photocatalyst, a control experiment using each com-
ponent should be carried out with adjustment to make the flux
of absorbed photons the same as that for the mixture. However,
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discussion is still needed to establish a method to clarify the syn-
ergetic effect in photocatalysis.

VIl. Concluding Remarks

When the author started the study on photocatalysis in 1981,
there appeared to be no laboratories doing research work only
on photocatalysis, that is, photocatalysis studies were preformed
in laboratories in the field of catalysis, electrochemistry, photo-
chemistry, materials chemistry, etc. This means that results of
those studies have been discussed, presumably, on the basis of
different concepts, analytical methods or understanding
depending on the fields, and this might give rise to
misunderstandings, misconceptions, or speculations, some of
which are described in this review. It is time now to fix the field
of “photocatalysis” having common unified understandings. It
would be the author’s great pleasure if this review builds a
momentum for unified understandings of photocatalysis.
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for reaction of negative Gibbs energy change as shown in Fig. 5(b).

It is thought that there should be at least ca. 200-mV “overpotential” in
both reduction by e~ and oxidation by h™, and this shifts the limiting
wavelength for water splitting by ca. 250 nm.

In this analysis of first-order kinetics, any value can be plotted against
time of reaction, unless the value is proportional to the molar amount of
a substrate or product; for example, absorbance of a compound at a given
wavelength can be used even if the molar absorption (extinction) coeffi-
cient is unknown and thereby absolute concentration can not be deter-
mined. Moreover, taking the logarithm means a reciprocal value can
also be used, e.g., [Aol/[A], where [Ag] is initial concentration of a substrate
A (See Fig. 6).

Under these conditions, rate constant & obtained by the first-order kinetic
analysis does not reflect the reactivity of a photocatalyst; 2 contains diffu-
sion constant of a substrate and surface area of a substrate (strictly
speaking, area of the diffusion layer on the “photoirradiated active”
surface).

It should be noted that the overall rate obeys the first-order rate law in
regard to surface concentration of a substrate but not concentration in
the bulk.

In the lower concentration region of a Langmuir adsorption isotherm, sim-
ilar linear dependence is also observed. However, if a given reaction condi-
tion is considered to be in this region, a Henry-type adsorption isotherm,
not a Langmuir-type one, should be used, since the most significant char-
acteristic of a Langmuir isotherm is saturation at a high concentration.
Another point to check is adequate use of substrate concentration in anal-
ysis. Since a Langmuir isotherm is derived on the basis of the adsorption
equilibrium between species adsorbed and desorbed in solution, the iso-
therm is a function of concentration of the adsorbate (molecules to be
adsorbed on surfaces) in solution, not concentration of the adsorbate in
feed. Therefore, the actual concentration, which must be reduced from
that in feed due to appreciable adsorption, must be measured at least
before photoirradiation.

The author thinks that the use of “rate-determining step” for photo-
reactions is misleading, since a photoreaction in principle proceeds via
species in their excited state and they undergo both chemical reaction
and deactivation (deexcitation). The assumption for rate-determining step
is that the reaction proceeds sequentially, not in parallel, such as photo-
reactions. See Section IV.E.

In some reports on photocatalytic reaction, it has been stated that the
time-course curve obeys the first-order rate law and that the rate of reac-
tion changes following Langmuir-type adsorption behavior (so-called
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not in energy.

Scaife, D. E. Sol. Energy 1980, 25, 41.

Some exceptions have been reported, e.g., bismuth tungstate (Bi;WOg)
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hydrogen from an aqueous solution containing electron donors such as
methanol even when loaded with platinum, and this is consistent with



430

46.

47.

48.

49.

50.

51.

52.

53.

B. OHTANI
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definition, 2
density functional theory (DFT), 39
electronic configurations, 4
germination curves, 37f
lanthanide contraction, 5
luminescent ternary complex, 3f
microscopic endospore viability
assay, 36
properties, 3
rare earth elements, 2
receptors
ancillary ligand, 10
binary complexes, 10
terbium and europium, 9
sensitization
absorption-energy transfer-
emission (AETE) mechanism,
6-7
advantages, 8-9
chromophore, 6
demonstration, 56
emission spectra, 7-8
energy level, triplet excited
state, 8f
Jablonski diagram, 7f
radiative and nonradiative
pathways, 6
Stokes shift, 7-8
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splitting, 5f

Stark sublevels, 4

terbium(macrocycle) complex, 38

uses, 2—-3

M
Metalloenzyme catalysts, 238
5,10-Methenyltetrahydrofolate
(MTHF), 240f
Micelles and vesicles
biexponential decays, 63—64
luminescence quenching, 60
metallosupramolecular amphiphilic
block copolymers, 61
metallosurfactants, 59
ring-opening metathesis
polymerization (ROMP), 61
Ruppz complex, 62

N
Nanostructured photocatalysts, 421
Natural chelating ligands, 296-299
Net two-electron transfer photoredox
process, 253f
[(NH3)50s™(m-N2)Os™ (NH;)51°*,
361-366
Nitrogen oxides
cobalt NO complexes, 313
copper NO complexes, 311-313
iron NO complexes, 304-310
ruthenium NO complexes,
310-311

(0]
Organic pollutants photooxidation
chromium compounds,
325-330chromate(VI)
compounds, 328-330
Cr(III) complexes, 325-328
copper complexes, 322-325
iron complexes
Fenton reaction, 317-318
photoreduction, 318-322
photocatalytic cycles, 330-333
Osmocene, 349-353
Oxyl radical functionality, 265-267
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P
Pheophytin a, 240f
Photocatalysis
vs. catalysis, 397, 398f
definition, 397
design, active photocatalysts
physical property—activity
correlation, 421-423
synergetic effects, 423-425
electron—hole recombination,
410411
first-order kinetics, 406—407
Langmuir-Hinshelwood
mechanism, 407-410, 409f
photocatalytic activity, 398—-399
principle
band structure and excitation,
400-401, 400f
energy conversion, 404—406
Fermi level, 402—403
Gibbs-energy change, 399—400,
399f
overall thermodynamics, 403
positive hole, 401-402, 402f
quantum efficiency, 411-413
rate-determining step, 413—414,
414f
visible light-induced
photocatalysis
cocatalyst loading, 419-420
doping, 415416
Photocatalytic activity, 398-399
Photocatalytic cycles, 330-333
Photochemical modeling, biomimetic
and bioinspired systems
bioactive molecules release,
275-276
charge separation, 269-270
hydrogen atom transfer, 274
oxygen activation, 270-274
Photochemical reactivity
electrons, 252-254
protons, 254-255
spin, 255—-256
Photochemical splitting
carbon dioxide, 353—-360
dinitrogen, 360-366
water, 347-353
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Photodynamic therapy (PDT).
See also Porphyrin-based
photosensitizers
cytotoxicity limits, 222224
photofrin, 221-222
phototherapeutic index, 224
tumor regressions, 226-228
Photo-Fenton reaction. See Fenton
reaction
Photophysics, rhenium(I) diimine
complexes
electronic structure,
139-141electronic states, 141
energy diagram, electronic
states, 141f
photostability, 141
structure, 140f
photophysical relaxation process,
141-143broad band, 142
chemical modification, 141
energy gap law, 142-143
phosphorous ligand, 142
UV/Vis absorption and emission
spectra, 142f
weak interactions, effects
bathochromic and hypsochromic
shifts, 146
phosphine ligands, 144-145
photochemical ligand
substitution reaction, 144
UV/Vis absorption and emission
spectra, 144f
Photoresponsive biomolecules,
240-243
Photo-to-chemical energy-conversion
efficiency, 405f
p-hydroxy-benzylidene-imidazolinone
chromophore (HBDI), 240f
Porphyrin-based photosensitizers
absorption and emission
B-substituents, 198
irregular metalloporphyrins,
200-201
paramagnetic complexes, 201
Q band, 200
vibrational coupling effects, 198
design guidelines, 228t
meso-tetraphenylporphyrin
(TPP), 189

molecular and electronic structure
axial ligands, 196-197
bacteriochlorins, 190
bacteriochlorophyll o, 197-198
bathochromic shift, 192-193
energy levels, 192f
fundamental porphyrin
systems, 191f
HOMOs and LUMOs, 190-192
metalloporphyrins, 196
oxidation potentials, 193
palladium and indium, 197
Q band, 197
redox potentials vs. SCE and
optical characteristics, 194t
reduced porphyrins, 190
singlet state lifetimes, 198
photochemistry, 189
photodynamic therapy (PDT)
cytotoxicity limits, 222224
photofrin, 221-222
phototherapeutic index, 224
tumor regressions, 226228
photoinduced reactions, molecular
oxygen
bacteriochlorins, 219
chemical methods, 216-217
energy balance, 217
molecular structures, 215f
photodecomposition quantum
yield, 220
quintet path, 213
transient absorption, 216
type I mechanism, 214
photosensitizers, 189
radiationless transitions
Born—Oppenheimer
approximation, 204-205
Franck—Condon factor, 204-205
Golden Rule, 204
heavy-atom effect, 207
lifetime, 203
total Hamiltonian, 203
structure and absorption
maxima, 188f
triplet state
cis NH intermediate, 209
photoacoustic calorimetry (PAC)
data, 208-209
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reduced porphyrins, 212

Positive hole, 401-402, 402f

Q

Quantum efficiency, 411-413

R

Rate-determining step, 413—414, 414f

Rhenium(I) diimine complexes

electronic structure
electronic states, 141
energy diagram, electronic
states, 141f
photostability, 141
structure, 140f
fac-Re(bpy)(CO)3CI, higher excited
states
irradiation, 163-165
linear-shaped Re(I) oligomers
and polymers, 163f
photochemical isomerization, 165
photophysical and
thermodynamic data, 137-186,
160t
picosecond and nanosecond
difference TR-IR spectra, 166f
Rhenium molecular rectangle,
162f
ligand
alkylation, 166—167
intramolecular sensitization, 167
stilbene-type, 167
light-harvesting system, periodic
mesoporous organosilica,
180-181
mononuclear
gas—solid state reactions, 171
one-electron reduced (OER)
species, 169-170
sacrificial reductant, 168
multicomponent systems
drawback, 177-178
role, 176177
multinuclear
linear-shaped multinuclear
complexes, 161-163
molecular polygons, 160-161
polymer C, 160
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properties, 160
thermal activation, 161
photochemical CO elimination
electron-donating mechanisms,
147
low-spin d® electron
configuration, 146
photoexcitation process, 147
photochemical ligand substitution
reaction, fac-[Re(diimine) (CO)
3PR3]p
Arrhenius plots, 156f
13C NMR spectra, 152f
dissociative and associative
mechanisms, 151
energy vs. Re—CO distance, 158
IR absorption bands, 151
isomerization, 151
isosbestic points, 150-151
modification effects, 152—154
photophysical properties,
137-186, 155t
P(OEt); ligand, 150-151
potential energies, 158
relaxation processes, 154-155
stabilization and destabilization,
154
trans-effects, ligands, 160
transient IR absorption (TR-IR)
spectra, 151-152
UV/Vis absorption spectral
changes, 150f
photofunctional molecules, 138—-139
photophysical relaxation process
broad band, 142
chemical modification, 141
energy gap law, 142-143
phosphorous ligand, 142
UV/Vis absorption and emission
spectra, 142f
properties and applications, 139
reaction mechanism
CO2 adduct, 175
SMLCT excited state, 172
OER species, 173
Re(I) diimine tetracarbonyl
complexes
irradiation, 149
reaction quantum yields, 149
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Rhenium(I) diimine complexes (Cont.)

Re-Re, Re-M, and Re—C bond
homolysis reactions
irradiation, 148
photoirradiation, 147-148
Ruthenium(IT)-Rhenium(I)
supramolecular photocatalyst,
178-180
solar energy, 168
uses, 139
weak interactions, effects
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ligand
alkylation, 166-167
intramolecular sensitization, 167
stilbene-type, 167
multinuclear
linear-shaped multinuclear
complexes, 161-163
molecular polygons, 160-161
polymer C, 160
properties, 160
thermal activation, 161

bathochromic and hypsochromic photochemical CO elimination
shifts, 146 electron-donating mechanisms,
phosphine ligands, 144-145 147
photochemical ligand low-spin d6 electron
substitution reaction, 144 configuration, 146
UV/Vis absorption and emission photoexcitation process, 147
spectra, 144f photochemical ligand substitution
Rhenium(I) diimine complex reaction, fac-[Re(diimine)
photocatalyst (CO)3PR3]p
light-harvesting system, periodic Arrhenius plots, 156f
mesoporous organosilica, 13C NMR spectra, 152f
180-181 dissociative and associative
mononuclear mechanisms, 151
gas—solid state reactions, 171 energy vs. Re—CO distance, 158
one-electron reduced (OER) IR absorption bands, 151
species, 169-170 isomerization, 151
sacrificial reductant, 168 isosbestic points, 150-151
multicomponent systems modification effects, 152—154
drawback, 177-178 photophysical properties, 155t
role, 176-177 P(OEt); ligand, 150-151
reaction mechanism potential energies, 158
COy adduct, 175 relaxation processes, 154—-155
OER species, 173 stabilization and destabilization,
ruthenium(I)-rhenium(I) 154
supramolecular, 178-180 trans-effects, ligands, 160
Rhenium(I) diimine complex transient IR absorption (TR-IR)
photochemistry spectra, 151-152
fac-Re(bpy)(CO)3Cl, higher excited UV/Vis absorption spectral
states changes, 150f
irradiation, 163165 Re(I) diimine tetracarbonyl
linear-shaped Re(I) oligomers complexes
and polymers, 163f irradiation, 149
photochemical isomerization, 165 reaction quantum yields, 149
photophysical and Re-Re, Re—M, and Re-C bond
thermodynamic data, 160t homolysis reactions
picosecond and nanosecond irradiation, 148
difference TR-IR spectra, 166f photoirradiation, 147-148
rhenium molecular Ru(bpy)s 2+ photosensititzer,

rectangle, 162f 250-251, 251f
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Salicylurate (SU), 28
Selectivity and regulation
catalytic activity controlling,
258-259
controlling reaction pathways,
257-258
Solar photocatalysts. See Transition
metal complexes
Spectral sensitization
aspects, 248
bacteriochlorophyll a, electronic
spectrum, 249f
photosensititzer Ru(bpy)s 2,
250-251, 251f
porphyrins, 248
Spin-catalysis, 256
SU. See Salicylurate (SU)
Synergetic effects, 423-425

T
Titania—chloroplatinum(IV) complexes
diffuse reflectance spectra, 380f
mechanism, 383-384
photodegradation,
381-382artificial visible light,
381-382, 382f
indoor and outdoor daylight,
382-383, 383f
preparation and characterization,
379-381
recorded photovoltage, 381f
sol-gel methods, PtCl, units, 378-379
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Titania—halogenorhodium(III)
complexes
characterization, 385-387
diffuse reflectance spectra,
386f, 387f
mechanism, 389-391
photocatalytic activity, 387-388
Transition metal complexes
atmospheric gas conversion
nitrogen oxides, 302-315
VOCs, 300-302
environmental compartments
complexation effects, 296-299
sunlight, 293-296
hydrosphere and soils, 316-333
Two-electron redox relays, 262—263
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Visible light photocatalysis
cocatalyst loading, 419—420
doping, 415-416
titania—chloroplatinum(IV)

complexes, 378-384
titania-halogenorhodium(III)
complexes, 384-391
Volatile organic compounds (VOCs),
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Water photochemical splitting
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