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Preface

Photochemistry (a term that broadly speaking includes photophysics) is
a branch of modern science that deals with the interaction of light with matter
and lies at the crossroads of chemistry, physics, and biology. However, before
being a branch of modern science, photochemistry was (and still is today),
an extremely important natural phenomenon. When God said: “Let there be
light”, photochemistry began to operate, helping God to create the world as
we now know it. It is likely that photochemistry was the spark for the origin of
life on Earth and played a fundamental role in the evolution of life. Through
the photosynthetic process that takes place in green plants, photochemistry
is responsible for the maintenance of all living organisms. In the geological
past photochemistry caused the accumulation of the deposits of coal, oil, and
natural gas that we now use as fuels. Photochemistry is involved in the control
of ozone in the stratosphere and in a great number of environmental processes
that occur in the atmosphere, in the sea, and on the soil. Photochemistry is the
essence of the process of vision and causes a variety of behavioral responses in
living organisms.

Photochemistry as a science is quite young; we only need to go back less
than one century to find its early pioneer [1]. The concept of coordination
compound is also relatively young; it was established in 1892, when Alfred
Werner conceived his theory of metal complexes [2]. Since then, the terms
coordination compound and metal complex have been used as synonyms,
even if in the last 30 years, coordination chemistry has extended its scope to
the binding of all kinds of substrates [3, 4].

The photosensitivity of metal complexes has been recognized for a long
time, but the photochemistry and photophysics of coordination compounds
as a science only emerged in the second half of the last century. The first at-
tempt to systematize the photochemical reactions of coordination compounds
was carried out in an exhaustive monograph published in 1970 [5], followed by
an authoritative multi-authored volume in 1975 [6]. These two books gained
the attention of the scientific community and certainly helped several inor-
ganic and physical chemists to enter the field and to enrich and diversify their
research activities. Interestingly, 1974 marked the beginning of the series of
International Symposia on the Photochemistry and Photophysics of Coordi-
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nation Compounds. The venue of the 17th symposium of this series is Dublin
and will be held in June 2007.

Up until about 1975, most activity was focused on intramolecular photo-
chemical reactions. Subsequently, due partly also to the more diffuse availabil-
ity of flash techniques, the interest of several groups moved to investigations
of luminescence and bimolecular energy and electron transfer processes. In
the last decade of the past century, with the development of supramolecular
chemistry, it was clear that photochemistry would play a very important role in
the achievement of valuable functions, such as charge separation, energy mi-
gration and conformational changes [7], related to applications spanning from
solar energy conversion to signal processing and molecular machines [8, 9]. In
the last few years, an increasing number of scientists have become involved in
these fields. Because of their unique ground and excited state properties, metal
complexes have become invaluable components of molecular devices and ma-
chines exploiting light (often sunlight) to perform useful functions [8, 9, 10].
The photochemistry of coordination compounds can also contribute to solv-
ing the energy crisis by converting sunlight into electricity or fuel [11]. In the
meantime, the basic knowledge of the excited state properties of coordination
compounds of several metal ions has increased considerably. However, this
has resulted in an unavoidable loss of general knowledge and an increase in
specialization. Currently, all scientists working in the field of the photochem-
istry and photophysics of coordination compounds have their own preferred
metal. There is, therefore, an urgent need to spread the most recent develop-
ments in the field among the photochemical community. To write an exhaustive
monograph like [5], however, would now be an impossible enterprise. For this
reason, we decided to ask experts to write separate chapters, each one dealing
with a specific metal whose complexes are currently at the frontier of research.
It has been a delight as well as a privilege to work with an outstanding group
of contributing authors and we thank them for all their efforts. We would also
like to thank all the members of our research groups for their support.

Bologna and Messina, March 2007 Vincenzo Balzani
Sebastiano Campagna
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Abstract This article is concerned with the recent advantages in the design of lanthanide
complexes as luminescent devices such as sensors and switches. Herein the fundamental
concepts of how to produce lanthanide complexes that can have their luminescence prop-
erties manipulated by external sources is first discussed, followed by a review of selected
examples from the recent literature.

Keywords Lanthanide luminescence - Luminescent devices - Sensors - Switches -
Tb(III) and Eu(III) complexes



2 J.P. Leonard et al.

1
Introduction

The development of luminescent signalling systems is an active area of
research in supramolecular chemistry because of their many possible appli-
cations [1-19]. The use of metal-based complexes for in vivo applications is
well documented and the majority of applications have focused on using such
complexes as therapeutic drugs, biological probes and assays [20-32], as they
can overcome the problematic issue of autofluorescence [33-35]. This chapter
will focus on some examples of the use of lanthanide complexes as lumines-
cent signalling systems. This is a fast growing area, as the lanthanides have
become popular for use in biological applications because of their unique pho-
tophysical properties such as their relatively long-lived luminescence [36-38].
The majority of research in this area has concentrated on lanthanide ions that
emit in the visible and near infrared spectrum, which is advantageous for in
vivo applications, and the main part of the discussion herein focuses on these
ions [39]. We will then focus our attention towards the development of higher
order lanthanide complexes, made by the use of f-f and mixed f-d ions. How-
ever, this review starts with a short summary of the physical properties of the
lanthanide ions and in particularly their photophysical properties.

2
Luminescent Lanthanide Complexes

2.1
Physical Properties of Lanthanides

The unique magnetic and photophysical properties of the metals in the lan-
thanide series have attracted great interest over the past few years, due to their
potential in medical diagnostics [40, 41], optical imaging [42,43] and high
technological applications [44,45]. The importance of lanthanides for mag-
netic and optical materials has long drawn attention to their physical proper-
ties and solid-state chemistry, which have both been extensively studied [46].
More recently the development of contrast agents for medical magnetic res-
onance imaging (MRI) and luminescent chemosensors for optical imaging
of cells has shifted the focus towards their coordination chemistry in solu-
tion [47, 48]. Moreover, anions can also bind directly to lanthanide ions, or
more importantly, as part of their coordination environment, such as when
coordinative unsaturated ligands are used. Hence, the sensing of anion by
such coordination is possible (exchange of coordination ligands).

Despite their name, “rare earth elements”, lanthanides are in fact not es-
pecially rare: each is more common in the earth’s crust than silver, gold or
platinum. They possess characteristic 4f open-shell configurations and exhibit



Photochemistry and Photophysics of Coordination Compounds: Lanthanides 3

a close chemical resemblance across the periodic series due to the small and
regular decrease in their ionic radii. This decrease in radii is known as the
lanthanide contraction [47,48]. Their most stable oxidation state is + 3, par-
ticularly in water, with a [Xe]4f" configuration. The lanthanide ions possess
relatively high charge densities and have a strong electrostatic nature in their
bonding, as theions are polarising and hard Lewis acids. They can coordinate to
a variety of ligands with different coordination numbers, most typically eight
to ten. The hard Lewis acidity of the lanthanide ions results into a specific pref-
erence towards ligands incorporating atoms that can act as hard Lewis bases
or can be easily polarised. Therefore, combinations of amines and carboxylic
groups are commonly used in lanthanide complexation [42, 43]. Indeed, one
of the most popular ligands in the complexation of lanthanides is 1,4,7,10-
tetrakiscarboxymethyl-1,4,7,10-tetraazacyclododecane (commonly known as
DOTA). Its popularity is largely due to its use as a magnetic resonance contrast
agent with gadolinium [39, 49-51], where the ion coordinates to the four nitro-
gens of the cyclen ring and the four carboxylates of the pendant arms, giving
rise to an octa-coordination environment.

The role played by the lanthanide ions in many supramolecular systems is
mostly based on their optical features and coordination requirements. Lan-
thanides present special spectroscopic properties due to the shielding of the 4f
orbitals, with forbidden intra-configuration f-f electronic transitions result-
ing in very low extinction coefficients (¢ typically 0.1 mol™! dm?® cm™) [52]
and characteristic narrow line-like emission bands, mostly in the visible and
near infrared ranges. Most of the lanthanide ions are luminescent, some more
than others. Their emission depends on how efficiently their excited state(s)
can be populated and their non-radiative deactivation pathways minimised.
The main advantage is that the f—f electronic transitions are easily recog-
nisable for they are almost independent of the chemical environment of the
ion. They can be either fluorescent (e.g. Pr(III), Nd(III), Ho(III), Er(III) and
Yb(III)) or phosphorescent (e.g. orange Sm(III), red Eu(III), GA(III) which
emits in the UV, green Tb(III), yellow Dy(III) and blue Tm(III)), following the
IUPAC rules regarding molecular luminescence spectroscopy [53]. According
to these rules, the term “fluorescence” refers to processes that occur without
change in spin, typically S; — So or Yb(*Fs/, — %F7/,) transitions. The term
“phosphorescence” refers to transitions involving a change in spin, typically
T, — So or Eu °Dy — 7F]) transitions [47, 48]. Two ions, La(IIT) and Lu(III),
have no f-f transitions and are therefore not luminescent.

The photophysical properties of Eu(III) and Tb(III) have generated the
most interest to date of all the lanthanides because their emissions occur in
the visible region. For example, Eu(III) emits in the red (550-750 nm) while
Tb(III) emits in the green (450-650 nm). In terms of energy gap, Eu(III)
(AE=12300cm™, °Dy — "Fg), GA(III) (AE =32200cm™’, °P7/, — 8S;)5)
and Tb(III) (AE = 14800 cm™, °Dy — “Fg) are the best ions for an efficient
population of their excited states. However, and as stated above, while Eu(III)
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and Tb(III) emit in the visible region of the spectrum, Gd(III) emits in the
UV. This makes the latter unsuitable as a luminescent probe for bio-analysis
due to the absorption and emission interference (light scattering, etc.) from
the organic part of the complexing molecule. The sizable energy gap dis-
played by Eu(III) and Tb(III) explains why luminescent probes containing
these ions have been so popular during the last decade. Besides Sm(III)
(AE =7400 cm™, *Gs;; — SFy1/2) and Dy(III) (AE =7850 cm™, *Fg/p —
6F3/2), which have been employed in dual luminescent time-resolved im-
munoassays [54-56], the other lanthanide ions have not found similar ap-
plications, due to their very low quantum yield in aqueous solution. >Pr(III)
emits both in the visible and near-infrared (NIR) ranges [57] and is often
a component of solid state optical materials. This is due to its blue up-
conversion, that is the blue emission from Py upon two- or three-photon
pumping into the !G4 or 'D, states [58]. Thulium is a blue emitter from
its 3Py, 'D, and 'G4 levels and as such has found use in electrolumines-
cent devices [44, 45]; it is known to be one of the first ions having shown
up-conversion [58]. The ions Nd(III), Dy(III), Ho(III) and Er(III) also dis-
play up-conversion processes [47, 48]. Moreover, Nd(III), Ho(III), Er(III) and
Yb(III) have stirred particular interest in the design of lasers (especially
Nd[III]) and telecommunication devices owing to their ability to emit in the
NIR part of the electromagnetic spectrum [59]. In addition, Nd(III), Er(III)
and Yb(III) have been recently employed in the development of luminescent
probes for time-resolved imaging of biological tissues, as they are able to effi-
ciently transmit light in the NIR spectral range [60-62].

As explained above, the lanthanide f-f transitions (electric dipole tran-
sitions) are “Laporte-forbidden”, therefore, the generation of fluorescence
from the lanthanide ion can be difficult. Direct excitation of the lanthanide
ion can be achieved, but this only becomes practical with the use of lasers
or at high ion concentrations. However, such inherent disadvantages can be
overcome by using sensitisation techniques [63-66] (Scheme 1). This involves
using indirect excitation of the lanthanide ion with a sensitising chromophore
(often termed as an antenna) [67, 68] usually through an intramolecular en-
ergy transfer process [64-66,69,70]. The antenna needs to be in close prox-

Energy Transfer

Weak Emission Excitation Emission Excitation

Scheme 1
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imity to the lanthanide ion, which is achieved through coordination of the
lanthanide to a ligand containing an antenna. This process will now be dis-
cussed.

2.2
The Sensitisation Process

The sensitisation process associated with producing lanthanide luminescence
consists of a number of steps, including excitation of the antenna and energy
transfer to the lanthanide. The details of this process and the considerations
required in designing complexes working on this principle are discussed in
the following sections.

2.21
Chromophore Excitation

Aromatic systems are commonly used as antennae in the sensitisation pro-
cess although recently, the use of transition metal complexes have also been
shown to be useful as visible and near infra-red emitting lanthanide de-
vices [71, 72]. Using organic compounds as antenna, lanthanide luminescence
begins with the excitation of the antenna chromophore (sensitiser, denoted
Ar in Scheme 2) from the ground state, S, (Ar-Ln), to the singlet-excited
state, S;, (!Ar-Ln). Following the formation of this excited state a number
of processes are possible, such as classical non-radiative decay of the Ar-
Ln (e.g. internal conversion, not shown in Scheme 2). But more importantly,
deactivation to the ground state (Ar-Ln), with an associated ligand fluores-
cence emission (hv'), can occur. It is also possible for this excited state to
be quenched (k;[Q]) by other means such as electron transfer (e.g. pho-
toinduced electron transfer). A triplet-excited state, Ty, (3Ar-Ln) can also be
formed via intersystem crossing (ISC). Singlet and triplet excited states share
a common geometry where their potential curves intersect. However, inter-
system crossing from an S; to a T is a spin-forbidden process. Nevertheless,
singlet-triplet transitions may occur in the presence of spin-orbit coupling,
which is largely promoted by the presence of heavy atoms (e.g. lanthanides)
which makes this process more efficient [73]. This triplet >Ar-Ln state can be

hv ISC
Ar-Ln —> 'Ar-Ln — > 3Arln
fast fast
o |k lQl k [0 ,]

Scheme 2 Initial steps of sensitisation process - the antenna excitation
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lost by quenching from oxygen, (k,[O;]). It is also possible to transfer the ex-
cited state of the antenna (*Ar-Ln) to the lanthanide excited state (°D4 and
3Dy for Tb(III) and Eu(III), respectively) by way of an energy transfer process,
resulting in Ar-Ln* [74].

The lanthanide(III) ions have the advantage of possessing long-lived ex-
cited state lifetimes, provided that deactivations by non-radiative pathways as
discussed above are minimised (see also Sect. 2.3.1). The lifetime of emission
from the excited state of the lanthanide ions falls in the range of microsec-
onds (e.g. Yb, Nd) to sub-milliseconds (e.g. Eu and Tb) [75]. Such long-lived
emissions have led to numerous applications of lanthanide-based systems as
luminescent probes and sensors [42, 43,46, 75]. This is due to the possibil-
ity of time-resolved detection, which allows a relatively easy discrimination
between the desired luminescent signal and the auto-fluorescence of the back-
ground. Such methods are based on a delay set between the excitation of
the probe and the measurement of the lanthanide luminescence, so that the
shorter-lived (nanosecond time frame) fluorescence and light scattering of
the biological background (auto-fluorescence) decay to negligible levels [52].
This provides good signal-to-noise ratio, which enables more accurate deter-
mination of the analyte in real time.

222
Triplet-Mediated Energy Transfer

The process by which triplet-mediated energy transfer occurs [*Ar-Ln <
Ar-Ln*] has two proposed mechanisms. Firstly, Dexter energy transfer in-
volves an exchange interaction requiring a mutual electronic exchange be-
tween the antenna and the metal-centre acceptor [76]. Energy transfer occurs
through the overlapping orbital of the antenna and the metal ion and hence,
requires physical contact between the two components. Secondly, Forster en-
ergy transfer [77,78] involves a columbic interaction that arises when the
dipole of the excited antenna induces a dipole in the acceptor (lanthanide
metal centre). This is a “through space” process that does not require phys-
ical contact between the sensitiser and the acceptor, the Ln(III) ion. The rate
of energy transfer (k;) via the Férster mechanism is distance-dependent with
dependence proportional to r~°, where r is the intramolecular distance be-
tween the sensitising chromophore and the metal centres. The formation of
the lanthanide excited state (Ar-Ln*) is a reversible process (Scheme 3) that
can result in the reformation of the antenna triplet excited state (*Ar-Ln). It is
also possible to quench this lanthanide excited state via vibrational quenching
from energy-matched oscillators, (k;[XH]) such as O—H, N-H and C-H
(see later). In situations where the energy transfer is efficient in forming Ar-
Ln* and the quenching conditions are minimised, a lanthanide emission can
occur. The resulting lanthanide emission involves transitions from this state.
These transitions are D4s~"F;. The most common of these transitions ob-
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Scheme 3 Final steps of sensitisation process - lanthanide luminescence
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Fig.1 Illustration of energy transfer to the lanthanide ion in sensitisation process for
Tb(III), from triplet state of the antenna and the corresponding emission spectra for
Tb(III)

served are those of ] = 6, 5,4 and 3, whereas for Eu(III) (5D0—7F]) these tran-
sitions are observed at ] =0, 1,2,3 and 4. Some of these emission bands are
sensitive to the local coordination environment, which means that changes in
their band structure, intensity and lifetime can be employed for analysis of
their coordination environment.

23
Designing Luminescent Lanthanide Complexes

A number of factors must be considered during the designing of lumines-
cent lanthanide complexes, some of the most important factors will now be
discussed. These factors include the nature of the lanthanide ion, choice of
antenna, degree of coordination, solvent, etc.
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2.3.1
Choice of Lanthanide

The choice of the lanthanide ion is important and needs to be considered
in terms of their emission properties. For some of the lanthanide ions the
energy gap is quite large and the emission wavelength appears in the ultra vi-
olet region, e.g. at ca. 300 nm as in the case of Gd(III). However, for others,
the emission occurs at long wavelengths due to smaller energies gaps, e.g.
Nd(III) and Yb(III), both of which emit in the NIR. The lanthanides also usu-
ally possess relatively long-lived excited states, which unfortunately can be
quenched with appropriate molecules such as those rich in O—H and N-H
functional groups [79-83]. This occurs through a non-radiative quenching
process, which is one of the most important in determining the luminescence
quantum yield. This non-radiative deactivation usually occurs through en-
ergy transfer to vibrational modes that match the energy of the excited state
of the lanthanide ion. The high frequency vibrations of O —H, N—-H, and
even C — H oscillators, strongly dissipate the energy of the lanthanide excited
state resulting in quenching of the lanthanide luminescence [85].

The lower the excited state energy of the lanthanide earth ion, the more
efficient the energy dissipation process. Also, the direct coordination of wa-
ter and other solvent molecules to the lanthanide centre has a large effect
on the deactivation of the excited state through non-radiative paths, and on
the efficiency and lifetime of the emission process. In order to minimise
vibration-induced deactivation processes, a rigid metal-ion environment is
needed that is free of high energy vibrations and that can protect the Ln(III)
ion from solvent coordination. Macrocyclic ligands often satisfy the criteria
of high coordination and rigidity, and as such are commonly employed in
lanthanide coordination chemistry. Because of this, most of the examples dis-
cussed herein will focus on examples where ligands such as macrocycles are
used. We refer to some recent excellent reviews for those interested in the use
of linear polydentate ligands [85].

2.3.2
Choice of Antenna

The triplet energy of the sensitising chromophore is quite an important consid-
eration when choosing an antenna [69, 70]. The lowest excited states of Eu(III)
and Tb(III) are 17200 cm™! and 20500 cm™!, respectively, which restrict the
choice of antenna. The energy of the triplet excited state needs to be at least
1700 cm™! above the excited state of the lanthanide ion for efficient population
to the lanthanide excited state, Ar-Ln*, to prevent a thermally initiated back
energy-transfer process, from Ar-Ln* to 3 Ar-Ln (Scheme 3). Hence, if this en-
ergy gap is less than 1500 cm™, such thermally activated back-energy transfer
competes to repopulate the triplet state of the antenna. Hence, a balance needs
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to be reached between these opposing factors. For this reason the choice of
chromophore that can be used for sensitising Eu(III) and Tb(III) is limited.
This is further complicated because sometimes suitable ligands can still lead to
non-luminescent complexes due to additional deactivation processes such as
ligand-to-metal charge transfer (LMCT), examples of which will be discussed.
A final consideration when choosing an antenna is the excitation wavelength.
To be of practical use, the excitation wavelength should be above ca. 330 nm,
negating the need for expensive quartz optics that would significantly increase
the costs for medical diagnostic applications. As required by both the Forster
and the Dexter mechanisms (but especially by the latter), the lanthanide centre
must be in close proximity to the antenna for efficient population of the excited
state. A variety of ligands bearing aromatic sensitising chromophores has been
devised for such sensitisation, including bipyridines [86], terpyridines [87],
substituted phenyls [88], and naphthyl groups [89], where these are proximally
positioned to the lanthanide ions through coordination.

233
Degree of Coordination and Solvent Effects

As discussed above, the presence of coordinated and solvent O — H, N - H and
C — H oscillators associated with unsaturated complexes has significant impli-
cations because non-radiative quenching of the lanthanide excited states can
occur through vibrational harmonics of these oscillators. Only the effects of
Eu(III) and Tb(III) will be discussed here. In water (or alcoholic solvents), the
rate constant for luminescence (ku,0) or lifetimes (tx,0) of the lanthanide
excited states are often significantly shorter than the rate constant for lu-
minescence (kp,o) or lifetimes (7p,0) in the deuterated solvent analogues,
where such quenching is absent. Formation of lanthanide complexes where
the high coordination requirement of the lanthanide ion is fulfilled, negates
this deactivation pathway; for example, designing lanthanide complexes that
are free from metal-bound water molecules can greatly improve the lifetime
and emission intensity of a complex. Measuring the rate of decays of the lan-
thanide emission in H,0 and D,O allows the hydration state to be measured
and can be used to assess the suitability of a ligand to fully coordinate a lan-
thanide metal centre. The hydration state (g), the number of metal-bound
water molecules of lanthanide complexes, can then be calculated using the
equations derived by Horrocks et al. [60, 90,91] and by Parker et al. [61, 92]
to account for quenching from N — H oscillators):

[q£0.5]: g™V = A[(1/74,0-1/7D,0) - 0.25 - 0.075x] (1)
[q£0.5] : g™ = A[(1/731,0"1/7D,0) - 0.06] , )

where A is a proportionality constant specific to a given lanthanide ion that
mirrors the sensitivity of the ion to quenching from metal-bound waters, and
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x is the number of N — H oscillators in the complex. While Eq. 1 takes account
for N—H oscillators of amides, Horrocks has recently modified this equa-
tion to account for closely located O — H oscillators, or N — H oscillators of
amines. This equation is particularly good when dealing with systems with
large g-values [90]. In the case of Tb(III) and Eu(III), A is 5.0 ms and 1.2 ms,
respectively. For an efficient luminescent device, the number of metal-bound
excitation deactivating molecules should be kept small to prevent this type of
quenching.

24
Ligands Employed for Lanthanide Complexes

The formation of luminescent lanthanide complexes relies on a number of fac-
tors. The choice of coordinating ligand and the method by which the antenna
chromophoreis attached to it, as well as the physical properties of the antenna,
are important. In order to fully coordinate a lanthanide ion, either a high-level
polydentate ligand such as a cryptate 1 or a number of smaller ligands (such
as 1,3-diketones, 2) working in cooperation are required. Both 1 and 2 are two
of the simplest coordination complexes possible for lanthanide ions. In both
cases there are no antennae present. However, the number of bound solvent
molecules is decreased considerably from nine (for lanthanide ions in solution)
to one to two for the cryptate and three for the 1,3-diketone complexes.

hihd¢
&N <7
@

/

In both these examples the coordinating groups are either oxygen or ni-
trogen atoms. Ln(III) ions can be classified as “hard acids” and coordination
occurs via ionic bonding interactions, which leads to a strong preference for
negatively charged or neutral donor groups possessing large ground state
dipole moments. In aqueous solution, donor groups containing neutral oxy-
gen or nitrogen atoms generally bind when present in multidentate ligands
(such as podands, crown ethers and cryptates) because water molecules and
hydroxide ions are good ligands for lanthanide ions [93-95]. Over the past
20 years a significant amount of research has been carried out into the de-
velopment of encapsulating ligands for the formation of stable lanthanide
complexes and the reader can be directed to excellent reviews [96, 97].
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In this review a brief highlight of how an antenna can be incorporated into
coordinating ligands to allow for the formation of luminescent complexes is
discussed. Scheme 4 shows the most common ligand types, where (method A)
the antenna is covalently incorporated to the coordinating ligand but not in-
volved in coordination and (method B) the antenna is incorporated into the
coordinating ligand and is involved in the coordinating process directly.

Energy Transfer

<Z

Lumophore

Energy Transfer

Emission Excitation Emission Excitation

Producing L i t i using antenna Producing Lumi lanthanid using

Antenna covalently attached to coordinating ligand Antenna integrated into coordinating ligand

A. B.

Scheme4 Two common methods (A and B) of incorporating antenna into coordinating
ligands

2.4.1
Podands

There are many examples of “podand-type” ligands [98-100] and the
bypyridyl (bpy)-based podand ligands 3 and 4 have been used to form
lanthanide complexes. These can be considered as ligands with integrated
antenna as shown in Scheme 4. In both examples, the bypyridine moiety
is directly incorporated into the coordinating ligand and serves a dual role
of coordinating to the metal centre as well as acting as the antenna. The
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lowest triplet energy of the bpy unit (*7wn*) at ca. 23000 cm™! is ideal for
use as a sensitiser. The Eu(III) emission is produced when the bpy moiety
is excited at 300 nm and is assigned to an energy transfer from the coor-
dinated ligand to the metal centre. However, the Eu(III) complexes formed
by coordination of the ligands were shown to be unstable in aqueous solu-
tion and lifetime studies (q) revealed that two water molecules were bound
to Eu-3 with a quantum yield of ¢ = 0.1. This g value of 2 indicates that all
of the nitrogens of the ligand were involved in coordination. The complex,
Eu-4 showed a quantum yield (¢) of 0.003 in water and 0.07 in methanol. It
was observed from the lifetime studies that OH quenching was very efficient
and more severe in Eu-4. This suggests that although acyclic systems cannot
produce stable complexes they do demonstrate the effectiveness of incorpo-
rating antenna into coordinating ligands to produce luminescent complexes.
It should be noted that a number of podand-type ligands have been shown to
be effective in the formation of Gd(III) complexes [101].

24.2
Cryptates

By redesigning the above acyclic podand-type ligand 3 into a cyclic cryptate,
the issue of stability can be resolved resulting in kinetically stable complexes
(Scheme 4) [102]. The Tb(III) and Eu(III) complexes of cryptate 5 show an in-
crease in lanthanide emission lifetimes of 0.72 ms and 0.41 ms, respectively,
upon excitation at 310 nm. Similar results are found with the phenanthroline
analogue 6 with Eu(III). A large number of modifications of these cryptates
have been reported, all showing enhancements in the lanthanide ion emis-
sion [103-106].

N-Oxide derivatives of similar cryptates [107-111] have also been de-
veloped with 7 and 8 shown as examples. An improvement in coordination
efficiency was observed from the g values reported. In these examples, the
N-oxide cryptates were shown to have a higher quantum yield than the
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nitrogen analogues. This improvement was attributed to the N — O moiety in-
creasing the efficiency in which the >wn* energy level was populated [112].
These good shielding characteristics and high quantum yields show N-oxide
cryptates as promising ligands for the formation of excited sate in these lan-
thanide complexes.

243
Calixarenes

Calixarenes modified on the lower rim with ether, acetate, ketone and amide
functional groups have been shown to readily form complexes with ions and
neutral molecules [113]. Sabbatini et al. [114] have shown that Tb(III) and
Eu(III) complexes of 9, a calix[4]arene functionalised with t-butyl groups
on the upper rim and amido groups functionalised on the phenols of the
lower rim, are readily formed. In these examples the aromatic residues of the
calix[4]arene function as the sensitiser, while the phenoxy and amido oxy-
gens are involved in the coordination of the metal centre. These systems can
be considered as integrated systems, as depicted in Scheme 4. The complexes
were studied in water and methanol. Both Eu-9 and Tb-9 yielded gq values of
ca. 1. Of the two complexes, the Tb-9 complex was found to be highly lu-
minescent with a quantum yield of ¢ = 0.2, compared to ¢ = 0.002 for Eu-9.
The high quantum yield of Tb-9 was due to efficient ligand-to-metal energy
transfer and good shielding from solvent deactivation. Like the cryptand ex-
amples above, the formation of stable complexes with moderate quantum
yields is possible. With further modification of the calixarene ligands on the
lower rim many examples of Eu(III) and Tb(III) complexes with varying lu-
minescence properties are possible. Another advantage of using calixarenes
is that the phenoxy moieties can be functionalised to have complexes with
specific properties for desired applications. For example, the inclusion of sul-

Uw UU
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10: R = NHCH,Naph, R' = C,H,
11: R = NHCH,Phen, R' = C,H

12: R = NHCH, Triph, R' = C,H,

13: R = OCH,Triph, R' = C,H,

14: R = N(n-Pr)CH, Triph, R' = C,Hj
15: R = NHCH,Naph, R'= H

16: R = NHCH,Phen, R' = H

17: R = NHCH, Triph, R'= H

18: R = N(n-Pr)CH, Triph, R' = H

fate groups in the para position of a calix[4]arene led to a water-soluble
complex [115].

The tris esters, 10-14 and tris acid 15-16 functionalised calix[4]arene
ligands were developed [116] where the fourth phenol position was func-
tionalised with a naphthalene, (naph) phenanthrene, (phen) or triphenylene
(triph) moiety by way of an amide link, or in the case of 13, by an es-
ter link. Once again the phenoxy oxygens of the calixarene and the ester
or acid are involved in the coordination of the metal centre. However, the
calixarene aromatic moieties were not utilised as antenna and this function
was undertaken by the naph, phen, or triph appendages. These can all be
considered as covalently attached antenna coordinating ligands because the
antenna is tethered to the coordinating ligand but not involved in the coordi-
nation itself (method A in Scheme 4). From studies of the Eu(III) and Tb(III)
complexes in methanol, it was found that these complexes were stable and
luminescent. The degree of luminescence was found to be similar for all com-
plexes whether neutral or charged. However, these complexes are sensitive
to the type of spacer used as the complexes were found to be more lumi-
nescent when an ester linkage was used instead of the amide. Calix[4]arene
ligands have also been used in the formation of luminescent complexes where
they serve merely as a structural scaffold to accommodate the coordinating
antenna. The reader is directed to the work of groups such as Ulrich and
Ziessel [117] for such examples.

244
Macrocyclic and Bicyclic Ligands

Many aza-crown macrocyclic ligands [118] have been used to produce stable,
well-shielded lanthanide complexes that have good photophysical properties.
The aza-crown macrocyclic ligand 19 has a terpyridine moiety incorporated
into it to act as a sensitiser. Quantum yields of ¢ = 0.18 and ¢ = 0.21 were de-
termined in water for the Eu(III) and Tb(III) complexes respectively. 19 is an
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example of an “attached antenna”-type ligand. However, many examples exist
of the alternative variety where the sensitiser is covalently attached to the lig-
and but not coordinating to the metal centre, (Scheme 4). The structure 20 is
an example of a cyclen-based ligand functionalised with three carboxylic pen-
dant arms and a benzophenone chromophore attached to the fourth cyclen
nitrogen through an amide bridging group based on such a design. This re-
sults in the formation of an overall charge-neutral lanthanide complex [119]
with quantum yields of ¢ = 0.095 for Eu-20 and ¢ = 0.27 for Tb-20 when
measured in water. By changing the sensitising chromophore to phen as in
21 [120], it was shown that binding occurs through both of the nitrogens of
the phen substituent resulting in a nonodentate ligand with optimal shielding
of the lanthanide centre. This good shielding ability is explained by the rigid-
ity of the phenanthroline chromophore and its spatial arrangement within the
complex. Stability in water and high luminescence efficiencies were seen, as
well as an increase in the quantum yields of ¢ = 0.21 for Eu-21 as compared
to Eu-20 above.

This brief overview has shown that there are many possibilities when
choosing ligands for the design of luminescent lanthanide complexes. From
the examples shown it is apparent that the most luminescent of the lanthanide
complexes are formed when macrocyclic ligands are used that fully or al-
most fully coordinate the metal centre. It should also be apparent that there
are many examples and options available when it comes to choosing possible
antenna within the criteria set out above (Sect. 2.3.2).
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25
Modulating the Luminescence of a Lanthanide Complex

Previously we mentioned how incorporating sensitising chromophores into
the lanthanide-coordinating ligand allows the indirect excitation of the lan-
thanide ion, via intramolecular energy transfer (Schemes 1-4). The efficiency
of the sensitisation process depends on many factors such as the structure
and the excited state energy of the antenna (Eg; and E1 ), the redox potentials
(HOMO/LUMO energies), as well as the rate of ISC from S; — T and various
quenching pathways e.g., by electron transfer or MLCT and solvent quenching
(Schemes 3-4). Many of these parameters can be manipulated, allowing the
lanthanide luminescence emission to be modulated. Scheme 5 shows a num-
ber of common methods by which modulation of the emission of a lanthanide
complex can be achieved.

Method A involves luminescent complexes that can be modulated by
changes in their coordination environment. The complex is composed of an
unsaturated coordinating ligand resulting in a complex that contains labile
solvent ligands. Displacement of these labile ligands by other coordinating
ligands can have an effect on lifetimes and quantum yields as the coordinat-
ing ligands may not be able to quench the lanthanide excited state in the same
way as solvents such as water.

Method B is similar to the concept described above in method A, except
modulation is due to the displacement of solvent molecules by a coordinating
group containing an antenna capable of sensitisation.

Method C and Method D are again similar to that described above. In each
case the antenna is structurally modified to accommodate a receptor allow-
ing for the inclusion of a guest. This guest inclusion results in changes in
the antenna properties, such as alterations in the effectiveness of the sensi-
tisation process, the intensity/quantum yield, as well as to the lifetime of the
metal-centred luminescence.

3
Lanthanide Luminescent Sensors and Switches

In this section, a number of systems that have been shown to act as sen-
sors and/or switches will be discussed. These systems have been subdivided
based on their mode of operation as described in Scheme 5. In the follow-
ing section these modes of operation, in conjunction with the concept of
modulation, will be shown to produce lanthanide luminescent sensors and
switches.

<« Scheme5 Illustration of most common methods for modulating lanthanide luminescence
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3.1
Sensors Based on Method A

Method A has been successfully applied in anion sensing. As mentioned pre-
viously, lanthanide ions can coordinate to anions such as acetate, fluoride,
etc., which modulates the lanthanide luminescence. Examples of such systems
will now be discussed.

The Eu(IlI)-based complexes formed using the podand-type ligands 22
and 23, containing three pyridine moieties, can be modulated by changes in
the coordinating ligand environment [121, 122]. In both cases the lanthanide
complexes were studied in acetonitrile. The lanthanide luminescence emis-
sions of these complexes were found to be modulated to different degrees
when titrated with various anions. Complex Eu-22 was found to be somewhat
selective to NOs~ over all other anions tested, showing a 4.9-fold increase
in emission intensity. The circular dichroism signal of Eu-22 was observed
at 260 nm and was intensified on addition of NO3~, indicating that modi-
fication to the 3-D arrangement of the pyridines had occurred. When the
metal centre was Tb(III), the anion selectivity of Tb-22 was found to change
to CI™. This indicated that the nature of the lanthanide ion dramatically ef-
fects anion sensing selectivity despite their similar ionic radii. Similar results
for anion responsive selectivity have been reported for the achiral complexes
Eu-23 and Tb-23, however, the change in emission intensities were signifi-
cantly lower.
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These elegantly simple complexes show there is much scope using this
mode of sensing to develop anion-specific sensing devices by careful control
of the lanthanide ion employed (i.e. different ionic radii, Lewis acid strength
and anion affinity) and the nature of the ligand used. In a similar example,
the bis-bpy-phenyl phosphine oxide ligand 24 was designed as an anion sen-
sor when complexed with Eu(III) [123, 124]. As with the previous example,
this pentadentate ligand is unable to fully satisfy the high coordination re-
quirement of the lanthanide, thus leaving an open face (occupied by solvent
molecules) that acts as the receptor site for anion coordination. The lumi-
nescent emission was produced by energy transfer following excitation of
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the bpy moiety. The complexes were made in situ in acetonitrile with either
Eu(III) triflate or nitrate salts. For complexes containing the triflate counter
anions, infrared analysis indicated that the triflate anions were coordinated in
the first coordination sphere. In studies with a number of anions, an 11-fold
enhancement in emission intensity was observed upon addition of two equiv-
alents of NO3~ compared to increases of 5, 1.8 and 1.5 for CI, AcO™ and F-,
respectively. These sensing events also showed an increase in both the lifetime
and quantum yields of Eu-24. From the changes in the symmetry-sensitive
transitions, J =2 and ] = 4 (mentioned in Sect. 2.2.2) it was clear that the
emission enhancements were directly related to the coordination of these an-
ions to the lanthanide metal centre caused by displacement of the coordinated
solvent molecules.

In all of the above examples, the complexes were formed with podand-type
ligands but have limited stability in aqueous solution. Parker et al. have made
some subtle modifications to these systems to develop anion-sensing devices
that can operate in aqueous conditions for potential in vivo applications [125,
126]. This was achieved by alkylating three of the four amine positions in the
cyclen moiety with [R]-N-(2-chloroethanoyl)-2-phenyl-ethylamine, to form
Tb-25 and Eu-25 complexes, which were found to have two water molecules
bound directly to the metal centre. In solution, it was observed that both
water molecules could be displaced in the presence of hydrogen carbon-
ate resulting in the formation of a reversible 1:1 adduct, leading to a large
change in the lifetimes as well as the lanthanide emission intensities. Stud-
ies were carried out in solutions containing MES buffer with pH ranging
between 6.4 and 7.3, and in the presence of high ionic strength. This study
demonstrated that stable lanthanide complexes can be produced that can
detect the presence of anions under simulated physiological conditions. Fur-
ther evidence for the formation of 1 : 1 adducts with lanthanide complexes of
this ligand was later reported [127] with a crystal structure of Yb-25, which
formed a 1:1 adduct with (S)-lactate. The Eu(III) complex of 25 has also re-
cently been used by Parker et al. [128] as a sensor for phorphorylated amino
acids.

In a final example, a Eu(IIl) cryptate complex has been reported as an
example of a pH sensing device [129]. This is an example of a bis bypyridyl-
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based cryptate with a poly N-methylated flexible arm, 26. This type of
cryptate resulted in the formation of a stable complex. The nine amines
were incorporated within the ligand allowing for a well-coordinated com-
plex, thus reducing luminescence quenching from OH oscillators. Modulation
of the emission was produced by changes in the coordination environment
upon protonation of the cryptate N-methylated backbone. In aqueous solu-
tion Eu-26 gave characteristic Eu(III) emissions arising from energy transfer
from the bipyridyl moiety of the cryptate excited triplet state to the metal
centre. This emission was dramatically affected by pH. The complex showed
a maximum intensity around pH 7, decreasing in intensity above and be-
low pH 7 by almost 50%, but showing a second maximum of lower intensity
around pH 3.5. The reduction in emission intensity in acidic environments
was attributed to protonation of the aliphatic amines preventing them from
being involved in coordination to the metal centre. Therefore, upon proto-
nation the coordination environment was altered because the coordinated
methyl amines were replaced by water molecules, leading to the deactivation
in the excited state of the Eu(III) metal centre. This was confirmed by q value
analysis. At pH 2, a q value of 2 was determined while at pH 6.8 a g value
of 1 was determined, showing that when deprotonated the complex shields
the metal centre more efficiently. When conditions are made more basic, the
amines are deprotonated and can contribute to the complexation of the metal
centre, leading to longer lifetimes and higher emission intensities. At very
high pH, loss of emission is attributed to the formation of a hydroxylated
Eu(II) species.

3.2
Sensors Based on Method B

The following examples are partially coordinated complexes where the ligand
does not contain an antenna (method B, Scheme 5) [130-132]. In the first ex-
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amples (27 and 28) the presence of the two metal-bound water molecules for
the Tb(III) and Eu(III) complexes was confirmed by lifetime measurements
of the D4 and °Dy excited states, respectively, as well as by X-ray crystal-
lography. Studies on all of these complexes were performed with p-dimethyl
amino benzoic acid (DMABA), which acts as an antenna, coordinating to the
ion through the carboxylate, and as such has the potential to sensitise both
Eu(III) and Tb(III). However, these studies showed that the formation of lu-
minescent lanthanide complexes was only possible with the Tb(III) complexes
with enhancements of up to 680-fold.

Eu.27 : R'= CH,, Ln(IIT) = Eu(IIT)
Th.27 : R'= CH,, Ln(III) = Th(III)
Eu.28 : R'= H, Ln(IIT) = Bu(IIl)
Th.28 : R'= H, Ln(Ill) = Th(III)

The formation of these ternary luminescent lanthanide complexes was the
result of displacement of the two labile metal-bound water molecules, which
was necessary because the energy transfer process between the antenna and
the Ln(III) metal centre is distance-dependent. This ternary complex forma-
tion was confirmed by analysis of the emission lifetimes in the presence of
DMABA and showed the water molecules were displaced by a change in the
hydration state q from 2 to 0, with binding constants of log K, = 5.0. The
Eu(III) complexes were not modulated in either water or buffered solutions
at pH 7.4. Lifetime analysis of these complexes showed that the metal-bound
water molecules had not been displaced and that the ternary complex was not
formed. Of greater significance, both Tb-27 and Tb-28 could selectively detect
salicylic acid while aspirin was not detected in buffered solutions at pH 7.4,
using the principle as discussed for DMABA where excitation of the bind-
ing antenna resulted in a luminescent emission upon coordination of salicylic
acid to the complex.

We have recently extended this design principle towards the formation of
bis-lanthanide complexes, where the two lanthanide centres were covalently
attached by a short spacer. Here the two parts of the ligand 27 were employed,
and connected by a simple xylene spacer, giving 29. This complex gave rise
to large enhancement in the Tb(III) emission upon binding to several bis car-
boxylates, where the binding was found to be in a 1: 1 ratio. Using DMABA,
each of the metal centres were found to bind one anion, giving rise to 1:2
ternary complex formation. Interestingly, with either L- or D-tartaric acid, the
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Tb(III) emission was quenched, possibly due to more efficient O — H quench-
ing by the bound anion [133].

The detection of aromatic carboxylates via the formation of ternary com-
plexes using lanthanide ion complexes of functionalised diaza-crown ethers
30 and 31 has been demonstrated [134]. Like the previous examples, these
complexes contained vacant coordination sites but the use of carboxylic acid
arms resulted in overall cationic 2* or 1* complexes. Furthermore, the for-
mation of luminescent ternary complexes was possible with both Tb(III) and
Eu(III). A number of antennae were tested including picolinate, phthalate
benzoate and dibenzoylmethide. The formations of these ternary complexes
were studied by both luminescence and mass spectroscopy. In the case of
Eu-30 and Tb-30, the 1 : 1 ternary complexes were identified. When the Tb(III)
and Eu(III) complexes of 30 were titrated with picolinic acid, luminescent
enhancements of 250- and 170-fold, respectively, were recorded. The higher
values obtained for Tb(III) was explained because there was a better match
between the triplet energy of the antenna and a charge transfer deactivation
pathway compared to the Eu(III) complex.

The Eu(III) complex Eu-31 was studied with the same coordinating an-
tenna. A 1:2 ternary complex was expected because there were more avail-
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Ln(III) = Eu(III) and Th(II) Ln(I1I) = Eu(Ill) and Th(IIT)
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able coordination sites on 31 compared to 30. Moreover, 1: 2 ternary com-
plexes were only detected for complexes of 31 but this was due to the lack
of stability of the higher species under the electrospray conditions used.
The authors explained that the flexibility of the carboxylate arms of the
crowns could be a problem in controlling ternary complex formation. Also
the effect of the different charges on these complexes may also affect the
strength of the binding and consequently the degree of modulation observed
in the lanthanide luminescence emission. In another variation of this con-
cept, cyclam[77]- and cyclen[78]-based Tb(III) complexes were developed
where monoaza-15-crown-5 ether and 15-crown-5 ether moieties were con-
jugated via a short alkyl or ether spacer. These complexes lack antenna and
were found to be weakly emissive in solution when directly excited. These ex-
amples differ slightly from those discussed previously because the attached
aza-crown ether or crown ether was designed to aid binding of anions to the
complex.

Photophysical investigations into the cyclam complexes showed that the
lifetime of 32 was increased by 65% in the presence of 0.13 M NaCl in water,
while 33 was unaffected. In both cases, the addition of p-chlorobenzoate to
both complexes and subsequent excitation resulted in luminescent enhance-
ments of fivefold for 32 and 47-fold for 33. When compared to the control
complex of Tb-DO3A, the luminescent enhancement was only threefold sug-
gesting that the presence of the aza-crown results in a cooperative effect on
binding. It is worth noting that upon formation of the ternary complexes of
33 the g values decreased from 2 to 1, suggesting that there may be a different
mode of binding compared to the complexes of Gunnlaugsson et al. [130-
132]. This may also be a consequence of the difference in overall charges on
the complexes.

In a second report on the cyclen analogue 34, binding of lactate to the
Tb(III) complex was found to be aided by the presence of the aza-crown when
compared to the Tb-DO3A control. Studies of 34 with benzoate and salicy-
late in buffered solutions at pH 7.4 showed luminescence enhancements of
12-fold (log B = 2.9) and 135-fold (log 8 = 3.9), respectively. When compared
to Tb-DO3A, with luminescence enhancements of only 14-fold (log 8 = 2.7)
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and 21-fold (log B = 2.9), respectively, the presence of the aza-crown ap-
pendage was found to greatly improve binding. It is interesting to note that
the complexes Tb-27 and Tb-28 showed higher binding with salicylic acid
than any of the complexes above (log K, = 4.5), suggesting that the effect of
using charged complexes has more of an effect on the binding than the use of
cooperating appendages.

Faulkner et al. have also developed such coordinatively unsaturated com-
plexes. Compound 35 is an example of their design, where the Yb(III) NIR-
emitting lanthanide ion was employed. Excitation of the coordinating an-
tennae of the resulting terniary complex gave rise to the formation of NIR
emission, which was due to efficient energy transfer from the excited state of
the antenna to the lanthanide ions [137, 138].
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The Eu(III) and Tb(III) complexes of 36, developed by Parker et al.,
showed modulation of the lanthanide emission caused by changes in
pH [139]. The coordinating antenna was covalently attached to the complex
but only coordinates to the metal centre under specific pH conditions. This
was demonstrated on a cyclen complex where three carboxylate pendant arms
were attached, allowing coordination to take place, and resulted in the forma-
tion of a charge-neutral complex. The fourth position contained an aromatic
sulfonamide tethered via an ethyl carbon chain, 36a-36c¢. Studies showed that
luminescence was “switched on” when the complexes were in alkaline con-
ditions because the two metal-bound waters (q = 2) were displaced. This led
to a situation where the pendant aryl sulfonamide groups were coordinated
(g=0).

This coordination could only occur when the sulfonamide was deproto-
nated, resulting in enhanced sensitisation due to the closer proximity of the
aryl sulfonamide to the lanthanide as well as the reduction of g from 2 to 0.
The pH range over which this “on-off” luminescence occurs could be ma-
nipulated by careful choice of the substituent on the aromatic ring of the
sulfonamide by varying the electron withdrawing power of the para sub-
stituent on the aryl ring. For example, with 36a the high electron withdrawing
effect of the CF; substituent causes the pK, of the aromatic sulfonamide to be
lowered to 5.7. With 36¢ (R = OCH3), the electron withdrawing effect from
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36b: R = CH,
36¢: R = OCH, i

Ln(I1I) = Eu(lII) or Th(III)

the ring was reduced, which resulted in a change in pK, by one log unit.
A disadvantage to this type of system was its limited use under physiologi-
cal conditions because of competition with other anions such as carbonates,
lactates, citrates and phosphates.

These disadvantages were overcome by modifying the coordinating arms
of the complex to produce 37, where three carboxyethyl substituents were
attached o to the cyclen ring nitrogens. This reduced the affinity of the com-
plex to competitive anions allowing coordination of the aryl sulfonamide to
take preference. In repeat pH titrations in a simulated physiological environ-
ment, the response was shown to be identical to that in water indicating the
success of the modified arms in preventing competitive anion binding [140].
This example shows these highly stable complexes are promising for future
applications, especially for in vivo applications where careful design of the
complex can lead to controlled selectivity in a competitive media.

Parker et al. have recently elegantly extended their use of coordinatively
unsaturated lanthanide complexes for anion sensing, for interacting with
DNA as well as for imaging of stained or living cells [141]. Compound 38 was
developed for the intercalation into DNA [142], while the structurally related
molecule 39 (also formed as the Tb(III) complex) has been developed for the
detection of anions such as uric acid [143]. The two structures are related,
however, 39 is overall anionic, while 38 is cationic. Compounds 40 and 41 have
also been developed by Parker et al. The former was developed as a chemos-
elective sensor for the citrate anion using ratiometric analysis [144]. The
latter, which is structurally related, was used for selective nucleoli staining of
NIH 3T3, HeLa and HDF cells, in life and for fixed cell imaging [141, 145].

The above examples have demonstrated the use of coordinatively unsat-
urated complexes that either lack the antenna or become luminescent upon
coordination of antennae such as carobxylates etc. Recently, a new addition of
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lanthanide complexes based on this design was develop by us, where we used
the Eu(III) complex of 29a. In aqueous solution at pH 7.4, the europium com-
plex formed the self-assembly ternary complex 42, with p-diketonate, which
gave rise to intense luminescence from the Eu(III) centre upon excitation of
the antenna [146]. However, in a similar manner to that observed for 36, the
formation of this self-assembly was pH-dependent, and the Eu(III) emission
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was only observed within the physiological pH range. Moreover, the self-
assembly could also be dissociated (see below) by displacing the antenna with
suitable anions such as bicarbonate, fluoride and dicarboxylates such as lac-
tates. We are currently working on other analogues of 42, with the aim of
achieving more selective anion sensing.

3.3
Sensors Based on Methods C and D

This final section will look at complexes where the antenna is integrated
into the lanthanide complex and are purposely designed with a receptor in-
corporated, leading to modulation of the sensitisation process upon guest
recognition.

We begin with a review of the two crown ether-based systems 43a and
b, respectively, which are among the first examples of where the lanthanide
emission could be modulated by external inputs such as cations. These exam-
ples were developed by de Silva et al., who previously had developed analogue
examples where the input was a proton. For both of these complexes, 43a and
43b, an order of magnitude enhancement in the Eu(III) luminescent emis-
sion of 42 and 43 was observed when titrated with Na* and K*, respectively.
The switching on of the Eu(III) luminescent emission was attributed to alkali
cation-induced suppression of PET from the aza-crown. Similar results were
obtained for Tb-42 and Tb-43 but the quantum yields (¢) were found to be
less than 0.0016 in both cases compared to 0.47 for the Eu(III) analogues. This
was explained by the presence of a low-lying triplet state, which allows for
efficient back energy transfer process (as described in Scheme 3) [147].

One of the most important design changes in the evolution of this type
of sensor was to produce complexes stable in aqueous media. The cyclen-
based ligands and their stable Eu(III) and Tb(III) complexes, 44-46, repre-
sent examples of sensors developed by Parker et al. for pH, pO,, halide and
hydroxide ion sensing, [148-150]. The ligand used was based on cyclen sub-
stituted in one of the four positions with phenanthridine as the antenna and
receptor. The other three positions were substituted with various pendant

43a:n=0
43b:n=1 Ln(III) = Eu(III) or Tb(III)
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arms, such as chiral amides in the case of 44 and 45 and phosphinate es-
ters in 46. Upon excitation of the phenanthridine antenna, the complexes
showed lanthanide luminescent emissions depending on pH in aqueous solu-
tion. A luminescence enhancement factor of over 500 was recorded for Eu-46
when the phenanthridine was excited at 370 nm. In the case of Tb-46, no
emission was observed upon excitation of phenanthridine when protonated,
due to a phenanthridine low-lying triplet state. Parker also developed other
luminescent sensors of these molecules by simply methylating the nitrogen
position of the phenanthridine ligand, which prevented its use as a pH sen-
sor. However, the results, Eu-47, Eu-48 and Eu-49, were found to be sensitive
to chloride anions in the physiological pH range with a quenching of lumi-
nescence upon chloride recognition. Quenching of the luminescent emission
occurred by way of charge transfer from the halide to the singlet excited state,
S1, of the electron-poor cationic chromophore, which prevented population of
the triplet excited state, Ty [151].
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Ln(I1T) = Eu(III) or Th(III)

The lanthanide luminescence of the Tb(III) complexes of 47 and 48 was
pH-independent over the range 1-10. However, sensitivity to pO,, in the pH
range 2-9, was reported and was attributed to the quenching of the aromatic
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triplet state. The lanthanide luminescence of the Eu(III) complexes 47 and
48 was sensitive to hydroxide anions. The Eu(III) emission was independent
of pH up to pH 9; however, above this there was a significant decrease in
the emission, which was zero by pH 13.5. The Eu(III) emission was found
to decrease with increasing amounts of KOH. This occurred because the
N-methyl phenanthradine moiety was attacked by OH™ at the C-6 position
in a reversible manner, leading to a decrease in the longest wavelength ab-
sorption band of phenanthradine. In a similar study on the Tb(III) complexes
of 47 and 48, the Tb(III) emission was found to be switched on with the
addition of KOH at ca. pH 9, reaching a maximum at pH 11.2 and then de-
creasing by a factor of two beyond pH 13. The switching on of the Tb(III)
emission was due to an increase in the triplet energy of the N-methylated
phenanthradine moiety upon formation of the hydroxylated species. No ex-
planation was given for the decrease in Tb(III) emission beyond pH 11.2.
However, this was found to be a reversible process over a number of acid/base
cycles [151].

Other complexes based on quinolyl derivatives can act as pH sensors.
Here cyclen-based ligands are used that contain four quinolyl-based pro-
ton receptors/sensitising moieties for pH sensing, attached via amide-bridged
pendant arms, 50 [152-154]. A modified version, which contained only one
quinolyl-based receptor 51, was also reported as a pH sensor in both so-
lution and in soft material such as hydrogel [152-154]. The pH profiles of
the Eu-51 and Eu-50 complexes showed sigmoidal characteristics upon exci-
tation of the quinolyl moiety at 330 nm. The pK, was determined to be ca.
4.6 and ca. 5.8 for Eu-51 and Eu-50, respectively. In both cases, luminescence
was switched on in acidic conditions. Interestingly, the Tb(III) complex of
51 only produced lanthanide luminescence when the complex was in acidic
conditions and in the absence of molecular oxygen. This development was
the first example of a lanthanide luminescent molecular logic gate where the
luminescent output could be described as mimicking the inhibit logic gate
function [155, 156].
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Another related example is 52 [157], which is a tetra-substituted cyclen
ligand with four quinoline receptor moieties capable of sensing protons in
a similar manner to 50. The lanthanide emission was found to be switched on
in highly acidic conditions, with a luminescent enhancement of over 300-fold.
Luminescent enhancement was attributed to an enhancement in the popula-
tion of the S; and subsequent T; excited states of the quinoline chromophore
when in acidic media. A bell-shaped pH profile was found to exist at pH 1.8—
3.5, whereas at more acidic pH the emission was switched off.
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So far in this section the examples discussed have comprised of hetero
aromatic antenna receptors, which mainly function as pH sensors. The de-
tection of metal cations in biological, medical and ecological applications is
of major interest. However, this requires more elaborate receptors that can
selectively bind a specific metal cation. Naturally, the more elaborate the re-
ceptor required, the more challenging its synthesis becomes. The synthesis of
lanthanide-based sensors of 53 and 54 has been reported with each ligand in-
corporating an antenna/receptor selective for zinc(II) [158, 159]. In both cases
the receptors are structurally similar, with 53 synthesised from benzylamine
and 54 from aniline.
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Ln(I1I) = Eu(IIl) and Tb(III)

On addition of zinc (as ZnCl,) to a solution of Ln-53, under simulated
physiological conditions, the luminescent emission of the lanthanide was en-



Photochemistry and Photophysics of Coordination Compounds: Lanthanides 31

hanced with the Tb-53 complex showing an enhancement of 26%, while Eu-53
showed an enhancement of 42%. The luminescence emission enhancements
were much lower than those observed in the examples discussed above. For
Ln-54 it was suggested that the binding of Zn(II) resulted in the deconjuga-
tion of the aniline nitrogen lone pair, resulting in suppression of PET from or
to the intermediate aryl singlet excited state of the aniline moiety, which leads
to luminescent enhancement. Regardless of this, these complexes showed
great selectivity for Zn(II) over other cations such as Mg(II) and Ca(II) and
can be said to be the first examples of lanthanide-based sensors for metal
sensing.

The Tb(III) and Eu(III) complexes of 55-56 were prepared, where mod-
ulation of the lanthanide emission was expected upon addition of group I
cations due to the incorporation of group I specific antenna/receptor frag-
ments [160, 161]. These examples are the first reported devices that are ki-
netically stable and show selectivity for group I cations in buffered solutions.
This was achieved by conjugating an aromatic crown ether moiety onto one
of the pendant arms of the cyclen structure forming a bis-macrocyclic struc-
ture. Compounds 55a and 55b are examples of this design, yielding overall
cationic complexes, whereas 56a and 56b are the corresponding charge-
neutral complexes. Of the Eu(III) and Tb(III) complexes formed, only the
Tb(III) complexes gave a lanthanide emission that was modulated upon de-
tection of either Na* or K*. This was most likely due to the inefficient
sensitisation of the Eu(III) excited state, or because of a competitive elec-
tron transfer or MLCT quenching of the Eu(III) state yielding Eu(II), which
is not emissive.
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56a: R= OH, n=1, Ln(III) = Th(IIT)

N ﬁo 55b: R=NMe,, n=2, Ln(I1T) = Eu(III) or Tb(IIT)
@o NJ O 56b: R=OH, n=2, Ln(II) = Th(III)

The Tb(III) complexes of 55 and 56 showed luminescence emission which
was switched on with a corresponding order of magnitude enhancements at
pH ~ 3.2 with pKj of ca. 2.4 (depending on pH). The pK,s were particularly
low and suggested that there was a significant inductive effect enforced by the
Tb(III) ion and the subsequent delocalisation of the aromatic amino moiety
of the aniline centre adjacent to the Tb(III)-cyclen complex. For 55 and 56,
the emission was also significantly affected in alkaline pH (above pH 10), giv-
ing rise to an overall “on-off-on” pH profile. This inverted-bell shaped curve
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was absent in the charge-neutral complexes 57 and 58, which was unexpected
because of the similarity of the complexes. This phenomenon is still under in-
vestigation. Another unexpected observation with these complexes was that
the Tb(III) emission was switched on at pH 7.4, upon addition of either Na*
or K*, but only at high concentration of the ions (> 0.1 mM). For both 56 and
58 selective K* recognition was observed with large order, ca. 30- to 40-fold,
enhancements in the Tb(III) emission. In contrast, for 55 and 57 selective Na*
recognition was observed but with more moderate, ca. seven- to ninefold, en-
hancements. In all cases, protonation or metal cation binding was found to
cause substantial increases in the lifetime of the lanthanide luminescence with
increases from 0.18 ms to 1.29 ms recorded. These observations indicate that
sensitisation of the Tb(III) centre is made more efficient upon binding of the
guest cation within the diaza-crown receptor. We have recently extended this
design principle to other crown ethers [162].

Nagano et al. have also prepared Eu(III) and Tb(III) complexes for Zn(II)
sensing [163, 164]. Acyclic ligands with a pyridine-based receptor/antenna
were used to complex the lanthanide cation. 59 was prepared from a di-
ethylenetriaminepentaacetic acid (DTPA) moiety covalently attached to
a quinoline-containing tetrakis(2-pyridylmethyl)ethylenediamine (TPEN)-
based antenna/receptor, which is known to be selective for Zn(II). Investi-
gations into the effect of pH on the modulation of the lanthanide emission
found that Eu-57 was pH-independent between pH 3.6 and 8.8. Studies per-
formed with a selection of group I, IT and transition metal ions showed Eu-57
was selective for Zn(II), with significant modulation of the Eu(III)-based
emission. Unlike the previous Zn(II) sensor examples where the modulation
was modest, the modulated emission of Eu-57 upon the addition of Zn(II) led
to an increase in luminescence by a factor of about five. Compound Eu-57 was
also found to be ideal for testing in living cells because of the relatively long
excitation wavelength of 340 nm.

Pope and Laye developed the related Eu(III) complex 58, using the picolyl
unit as a Zn(II) receptor. This elegant example involves one of the pyridyl ni-
trogen moieties in the coordination of the lanthanide ion prior to the Zn(II)
sensing. The antenna can thus both populate the reporter effectively, being
coordinated to the metal ion, as well as fulfilling the high coordination re-
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quirement of the ion, as g was reported to be 0. However, upon addition of
Zn(II), the Eu(III) emission is quenched as now all the pyridyl moieties co-
ordinate to the Zn(II). This means that the Eu(III) is no longer 8-coordinated
and becomes di-aqua coordinated. This quenches the Eu(III) excited state and
hence the Eu(III) emission is significantly reduced as a function of Zn(II)
concentration [165].

As discussed previously, compounds such as 40 and 41 have been de-
veloped to target biological macromolecules, where the emission from the
lanthanide centre is modulated upon the interaction of these complexes with
the biomolecules. In a similar manner, both compounds 59 and 60 have been
developed to target such species. The former was developed by Faulkner et al.
for the targeting and is based on the use of Tb(III)-DOTA derivative [166],
functionalised with a peptide conjugate. The latter, having a binaphthyl an-
tenna, was developed by Lowe et al. for targeting human serum albumin
(HAS) [167]. Both of these examples demonstrate the versatility of the use of
cyclen-based lanthanide complexes for the targeting of such species.
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The Eu(IlT)complex of 61 has been reported as a sensor that is selective
for H* or Cu(Il) [168]. The ligand is a cyclen-based system with a 1,10-
phenanthridine (phen) moiety incorporated as an antenna/receptor. A pH
titration of Eu-61 showed a bell-shaped pH profile where the emission can
be described as being switched off-on-off as a function of pH. This bell-
shaped pH-dependence was fully reversible and gave pK,s of 3.8 and 8.1. The
pKas were assigned to the protonation of the phen nitrogen moiety and the
subsequent deprotonation of the aryl amide. The changes in the lanthanide
luminescence emission in the alkaline region were due to the reduction of
Eu(III) to Eu(Il). In the physiological pH range, the emission was “almost”
pH-independent and switched on. Studies in buffered solution at pH 7.4,
showed Eu-61 to be an effective sensor for Cu(II) and selective over Co(II),
Fe(II) and Fe(III). Upon addition of Cu(II) to a solution of Eu-61 the Eu(III)
emission was switched off. The only disadvantage to this system was the use
of the short excitation wavelength of 278 nm, which suggests that the system
is not suitable for in vivo detection.
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The Tb(III) complex, 62, is a dual-component recognition device for
H* and K* in four independent pH windows, in aqueous buffered solu-
tions [169]. This example clearly shows how slight modifications to the ex-
isting design can lead to new and unprecedented signalling responses. At
first glance, Eu-62 appears to be similar to the examples discussed above, but
utilises a cyclen macrocycles that has been alkylated at three of its positions
with acetate pendant arms, giving an overall neutral Tb(III) complex. As with
the other examples, a receptor antenna moiety is tethered to the complex but
is covalently attached through the receptor, and not the antenna, resulting in
unexpected response characteristics.
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Studies on the dual-component sensing behaviour of Tb-62 were per-
formed with the addition of K* over a wide pH range of 0.8-12.0. Results
showed that the Tb(III) emission was silent and immune to the addition of K*
in alkali solution (pH 9.2-12.0). However, quenching of the Tb(III) emission,
in the pH range 1.0-3.4, was seen upon addition of K*, whereas emission
was enhanced gradually in the pH range 4.1-9.0. Selectivity for K* over other
group I and II cations was demonstrated at both pH 6.3 and 2.2. However, the
concentration of the metal cation required to modulate the Tb(III) emission
is considerably higher, making Tb-62 impractical, at the moment, for in vivo
applications.

4
Simple Self-Assemblies Using f-d Mixed Metal lons

This last section deals with a few examples of the formation of self-assembly
structures from lanthanide complexes, which are formed by using transition
metal ions. This area of research is very novel and relatively few examples
have been developed to date. While the lanthanide ions have been used to me-
diate the formation of supramolecular structures, such as helicates, many of
which can have both f-f and f-d metal ions, etc. the focus here will be on the
use of lanthanide complexes and ligand structures similar to those described
above [170-173].
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In recent years a few examples of mixed f-d self-assemblies have been de-
veloped. One of the driving forces for such work has been that the excited
states of NIR-emitting ions such as Yb(III), Eb(III), and Nd(III) in particu-
lar, can be formed by excitation in the visible region [174-176]. As many
transition metal complexes often have strong MLCT absorption bands in the
visible region, then these are ideal as antennae for the population of these
ions. This has been elegantly shown by many researchers [177-179]. This is
of particular interest as it opens up new potentials for sensing of biological
systems in the NIR. Moreover, the photophysics of transition metal com-
plexes is well established and explored, and many varieties of ligands are
available that can be used to construct mixed f-d metal ion self-assemblies.
With this in mind we set out to self-assembly structures based on the phen
derivative 61 [180].

Compound 61 can be depicted in a cartoon manner as A in Scheme 6. Our
idea was to form the linear f-d-f assembly (B) by simply using a Cu(II),
Fe(II) or Zn(II) ion as the bridging unit; where these would coordinate to
the phen ligand and as such bring two of the lanthanide complexes together.
While the formation of a self-assembly was successful, the desired struc-
ture (B in Scheme 6) was not exclusively formed. Using Cu(II) we showed
that upon addition of 61, at pH 7.4, the Eu(III) emission was switched off.
Moreover, the absorption spectra were shifted to the red and the singlet
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Antenna/Receptor

Scheme 6 The various self-assembly structures possible for simple f-d mixed coordina-
tion based compounds
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excited state was quenched. Analysis of these changes showed that in fact
both structure B and D were formed. In a related work, Desreux et al.
have developed self-assembly complexes using the 6-hydroxy-1,6-dihydro-
1,10-phenantholine appended cyclen derivative 63 [181]. While these were
formed as MRI contrast agents using Gd(III), they showed that using either
Fe(II) or Ni(II) the self-assembly complexes formed were structurally identi-
cal to D in Scheme 6. Similarly, Livramento et al. have used an octa-acidic acid
derivative of the 2,2’-bipyridine moiety 64 as an MRI contrast agent, which
was formed by self-assembly around a Fe(II) ion, giving a 6 : 1 ratio between
the f and the d metal ions in the self-assembly [182].

With the aim of achieving the linear assembly B, we made the Eu(III)
complex 65. Unlike that seen for 61 and 63, the terpyridine antenna was
now conjugated into the cyclen ring via a spacer [183]. However, this an-
tenna indeed ensured that the desired assembly was formed. Upon addition of
ions such as Fe(II) and Co(II), the MLCT band was clearly formed, and only
0.5 equivalents of the metal ion were needed to achieve saturation. Fitting the
changes to using non-linear least squares regression analysis indeed showed
the formation of the desired complex. Moreover, the singlet excited state of
the phen ligand was quenched. However, the most important changes were
observed in the Eu(III) emission, where the emission was reduced in inten-
sity, most likely due to energy transfer from the >Dy — >MLCT upon binding
to Fe(II). From these changes, the stoichiometry was determined to be 2: 1
(complex : Fe(II)). More importantly, the Eu(III) ion is an impartial lumines-
cent reporter as it does not participate directly in the binding of the transition
metal ions. Hence, the changes in the Eu(III) centre in 65 can be considered
a direct measure of the coordination changes occurring at the antenna and
therefore of the formation of the self-assembly complex B (Scheme 6). More-
over, as the Eu(III) complex does not take part directly in the formation of
the self-assembly, the Eu(III) complexes can be considered as impartial ob-
servers in the determination of the structural nature of the resulting assembly
in solution.

The final example of self-assembly structures shown schematically in
Scheme 6 is D. This was developed with the aim of achieving NIR emission
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from Nd(IIT) and Yb(III), respectively, by exciting into the MLCT band of the
complex. Here a Ru(II) complex was used and the Yb(III) or the Nd(III) com-
plex of 61 [184]. By simply using Ru(bipy),>* as a capping or ancillary ligand,
the desired structure D (Scheme 6), 66, was formed. Indeed the excitation of
the MLCT band gave rise to efficient energy transfer/sensitisation to the lan-
thanide excited state and the NIR emission was observed. However, for the
two complexes, the Nd(III) analogue was found to be more emissive and is
currently being investigated further in our laboratory.

In an analogues manner, other examples of such mixed f-d self-assemblies
have been developed. Compounds 67 and 68 are examples of two such com-
plexes. In the former, developed by DeCola et al., the system consists of
a heterotrimetallic complex, in which the excitation of of the Eu(III) occurs
via energy transfer from a Ir(III)-based metal-based antenna [185]. Inter-
estingly, the emission of almost-white light can be observed if there is only
partial energy transfer from the excited Ir(IIT)-based chromophore. If this oc-
curs, the Eu(III) red emission combined with the residual blue emission from
the iridium complex gives rise to a global white light emission. In the latter,
developed by Faulkner et al. [186], the systems is based on the use of coor-
dinatively unsaturated Eu(III) and Tb(III) ligands, similar to those discussed
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for 41, and M = Ru(II) or the Os(II) complexes. These transition metal com-
plexes have carboxylate functionality that can be used to coordinate to the
metal centre. Upon excitation of the MLCT band of these complexes a sen-
sitised lanthanide emission (Ln = Yb(III), Nd(III) or Er(III)) was observed.
Other examples of such designs have appeared in the last few years and
demonstrate the significant interest that such self-assemblies based on lan-
thanide ions are gathering [187].

5
Conclusion

From the systems discussed in this chapter, it can be seen that in the last
few years the development of lanthanide ion luminescent complexes, sensors,
switches and self-assemblies has come a long way with many wonderful ex-
amples being developed. In each section, this evolution of lanthanide-based
photochemistry has been highlighted and selective examples discussed as
well as their development to overcome issues such as complex stability and, in
some cases, their ability to overcome competition from physiological medium
to produce highly selective and sensitive sensors. It is clear that much work
has been achieved but that there is still much to be done to push this field of
research to the next stage and to the incorporation of these complexes onto
solid supports or gels for use in diagnostic equipment, as has happened for
fluorescent sensing devices, or even further to the point where in vivo appli-
cations can be envisaged. The field of NIR-emissive complexes and the use
of lanthanide ions in the formation of coordination networks are fast grow-
ing fields of research and very exciting! It will thus be interesting to follow all
these exciting developments in the near future.
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Abstract This review describes recent advances in the photochemistry of complexes of the
element rhenium. It covers not only fundamental chemistry but the recent applications
of these complexes to supramolecular chemistry, carbon dioxide reduction, bioinorganic
chemistry, sensors, and light-emitting devices.

Keywords Photochemistry - Photophysics - Rhenium - Luminescence - Excited-state

Abbreviations
DFT  density functional theory
TDDFT time dependent density functional theory
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MLCT metal to ligand charge transfer
LMCT ligand to metal charge transfer
HOMO highest occupied molecular orbital
AOM  angular overlap model

RHF  restricted Hartree-Fock

1
Introduction

The photochemistry of rhenium complexes occupies a prominent position in
the photochemistry of transition metal complexes. Along with early prepar-
ative studies on photosubstitution of carbonyl species like Re(CO)s5X, the
preparation of the remarkably stable yellow complex fac-Re(CO)s3(phen)Cl
foreshadowed the discovery of the a large class of related luminescent materi-
als by Wrighton and co-workers in the 1970s [1]. As pointed out by Vogler and
Kunkley, the current photochemistry of rhenium complexes is rich, spanning
eight oxidation states from formal Re(0) (for example, Re;(CO);o) to formal
Re(VII) (for example MeReOs3) [2].

This review covers recent developments in the photochemistry of rhenium
complexes and covers approximately the last five years. Older literature is
referred to when it clarifies or substantiates the newer studies. Like all re-
views, the perspective of the authors is offered here. In general, we have not
reviewed preparative photochemistry when it is not a primary focus of the
study, or where it does not offer chemical insight. We refer the reader in-
stead to the earlier monographs on transition metal photochemistry, which
are the best source for these important preparative procedures [1,3-5]. We
have reported the studies that best characterize the state of the field as far
as the significant fundamental photochemical advances, and the applications
of the photochemistry of rhenium complexes. The organization of this re-
view follows the complex type in terms of the structure and formal oxidation
state. Not surprisingly given the history of rhenium photochemistry, the bulk
of the work has been published in the area of polypyridine and other di-
imine ligands involving Re(I) with carbon monoxide as a coligand. Many of
these studies emphasize applications of excited states properties of this class
of complex, for example, sensors and photocatalysis among others.

2
Complexes with Metal-element Multiple Bonds

2.1
High-valent Oxorhenium Complexes

Low temperature Ar matrix studies of the mixed methyl-oxo complexes
MeReOs, Me3ReO; and MesReO have been fruitful in characterizing their
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photochemistry both directly through IR and Raman spectroscopic measure-
ments (with isotopic labeling) and indirectly by reference to supporting DFT
calculations. Interest in these complexes stems from the utility of MeReO3 in
olefin metathesis reactions. Broadband irradiation of Me3ReO, (200-800 nm)
in an Ar matrix leads to methane elimination and the formation of the
methylidene complex H,C = ReMeO, (Eq. 1), which is assigned a distorted
tetrahedral structure [6]. A secondary photolysis also occurs to possibly yield
a derivative tentatively assigned as (H,C)Re(O)OH.

0\\9H3 irradiation O, CHs
~Re—CH; ——— CHz + __Re

o7 Ar matrix o CH,
CH,

Equation 1

Likewise, irradiation of Me4ReO also leads to methane elimination and the
formation of H,C = Re(O)Me;, as shown in Eq. 2, via methyl radical involve-
ment [7, 8].

H.CQ CH,  200-800 nm HsCR CHs CH Q CH,

8 C’ N CH; + "Re. — 4 . _Re’
HsC™ "“CH;  Armatrix “CH; HC™ " CH;
Equation 2

A similar chemical motif (methyl radical elimination) had been observed
earlier with MeReOj3 (here with 254 nm irradiation in an Ar matrix) where
both deuterium and C-13 labeling studies and IR spectroscopy had been
utilized to characterize the methylidene photo product, H2C = ReO,(OH)
(Eq. 3) [9]. Previous studies had identified the Re — Me bond cleavage reac-
tion as the primary process in higher temperature nonaqueous solutions [2].
It is proposed that in the caged low temperature environment of the Ar matrix
the primary step is also Re — Me bond cleavage, but that the methyl radical
recombines to form the methylidene complex. Interestingly, broad band ir-
radiation eventually leads to an apparent CO complex, tentatively assigned
as HyRe(CO)O(OH). For both MeReO3 and MeReO4 complexes DFT calcu-
lations suggest that the excited states responsible for the transformations in

CHs CH,

| hv(200-800 nm) |

Re > Re
O//” \\ Ar matrix //| \

o ©O 0 o OH

Equation 3
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Equations 1-3 have substantial Re — Me to metal-oxo character, thus provid-
ing a weakening of the Re — Me bond in the excited state. In addition, in the
MeReOy case, there is possibility of the population of orbitals that are anti-
bonding with respect to the Re — Me bond.

A recent re-investigation of the electronic structure of MeReOs by both
DFT/TDDFT and more highly correlated methods leads to the conclusion that
the second transition (ca. 240 nm) has both methyl carbon and oxo character
(by DFT/TDDFT). Use of CASSCF/MS-CASPT2 calculations shows more oxo
and less C contribution, demonstrating that the level of theory is important
in interpreting the photochemistry [10].

Several reaction products of MeReO3 have been examined for their pho-
tochemical behavior. An example is the reductive photochemistry of the
yellow adduct, (PPhsz)MeReOs3 [11], which possess an absorption at 380 nm
that is assigned as a LMCT transition from phosphorus to Re. Irradiation
of the complex in methylene chloride initially leads to the formation of
triphenylphosphine oxide and a Re(V) complex formulated as MeReO,. Fur-
ther evolution of the reaction gives the putative mixed-valence complex
MeRe" (PPh3),0,Re(0)3Me. A second study is of the photodecomposition of
the peroxide complex, MeRe(0O)(0;)2, which gives rise to MeReO3; and O,.
upon irradiation at 260 nm into the intraligand (peroxo) absorption [12].
The primary photochemical step is proposed to involve a radical pair or
[MeRe(0,)(0)]" and superoxide ion.

2.2
Complexes with the Re03 Core

Ever since the discovery [13] of the luminescence of complexes of the type
trans-ReO,L4" (where L is for example py, or 4-pic, n =14 or cyanide,
n = 3-), there have been a number of fundamental studies highlighting the
proton acceptor and electron transfer behavior of the emitting state [4]. For
these complexes excitation of the type 'Ajg to 'Eig (in Dy, symmetry) is
rapidly followed by intersystem crossing to yield emission from ?E;, back to
the A, ground state. The excited triplet has electron density redistributed
onto the oxo ligands and the empty dz orbitals at the metal. Other older
work, primarily of Reber and coworkers has concentrated on fundamental
photophysical studies relating emission energies and vibrational structure in
the emission band to electronic structure [14] of the complexes. Extended
Hueckel calculations show an expected variation of emission energies with
antibonding 7 type interactions of the in plane ligands with the dyy orbital,
which is a component of the HOMO. Therefore, the weaker w-donor ligand
would destabilize the HOMO increasing the absorption and emission en-
ergies. The actual ordering of en < Melm < py (en is ethylenediamine and
Melm is 1-methylimidazole) is essentially opposite of the predicted order.
Consideration of electron-electron repulsions in a crystal field model allows
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the rationalization of the order, predicting an increase in the energy of the
3E1g relative to the 1A, ¢ ground state. This work illustrates the limitations and
strengths of simple calculation models to rationalize excited state properties.
The trans-dioxo complexes are extremely valuable to transition metal
photochemsitry because they exhibit well-defined vibrational progressions,
which enables the identification of the modes involved in the lowest-energy
transition and therefore a quantitative characterization of excited state geom-
etry. In the cases of other emitting states, for example, in many metal-to-
ligand charge transfer excited states, this information is largely absent due to
severe line broadening, even at low temperatures, which means that indirect
fitting procedures must be employed to extract excited state geometries.
Analysis of the emission manifold for ReO,* complexes in general shows
two vibrational progressions in their luminescence spectra, one correspond-
ing to a totally symmetric OReO mode and the other a totally symmetric
Re — L mode of the in-plane ligands. This was first reported by Winkler and
Gray [13], but has been examined in great detail by Savoie and Reber [14]
and Grey, Butler and Reber [15,16]. It was initially noted that the vibronic
structure was not consistent with a purely harmonic model. To account for
this, coupling of the ground state surface to a single excited state surface, that
of an 'Ajg, was proposed initially from the results of fitting the dual vibra-
tional progressions to a harmonic model. Studies of the pressure dependence
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Fig.1 Examples of pressure dependent emission spectra of [ReO,(en);]ClI (left) from 1 to
38 kbar and [ReO,(tmen);]Cl from 2 to 49 kbar
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of the emission behavior showed, in fact, that this was too simple for com-
plexes with low energy excited states. Although pressure effects on emission
spectra can be manifested in both an intra- and intermolecular sense, absence
of phase transitions in these molecules point to an intramolecular origin. As
pressure is increased, the potential minima of the ground and excited states
shift to lower values of the normal coordinate, Q. The excited state surface ap-
pears to be more affected leading to a decrease of AQ, the difference in these
quantities. The net result is pressure-induced changes of not only AQ but in
the electronic origins, the band maxima and the vibrational frequencies in the
excited state. For the Re dioxo complexes, only a model where coupling to two
excited state surfaces (both the excited triplet and singlet A, states) comes
into play is sufficient to describe the pressure dependent spectral data (See
Fig. 1). This model is shown in Fig. 2. A recent short review summarizes how
coupled coordinates arise from the interactions between electronic states with
different equilibrium geometries [17].
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Fig.2 The model of coupled potential energy surfaces used to explain the vibronic
spectral features in Re dioxo complexes. Solid and dashed lines represent adiabatic and
diabatic surfaces, respectively. The lowest adiabatic surface corresponds to the electronic
ground state used to calculate the luminescence spectra. The crystal field energies for all
three Ajg states are given along the vertical dashed line
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Several comparative photophysical studies of isoelectronic dioxo com-
plexes of other metals have been published. One compares the emission
spectral properties of trans-dioxo Os(VI) with that of Re(V) [18]. For com-
plexes of the type trans-0s0,2* and trans-ReO," containing ethylenedi-
amine, imidazole and oxalate ligands, the emission energies were found to be
in the range of 620-900 nm. Even though the Os complexes exhibited unre-
solved spectra, their band shapes deviated from that expected for a harmonic
ground state potential surface. The three surface interaction model was used
to describe the discrepancy.

A recent report concerns the emission from the technetium dioxo core, and
directly compares the appropriate Re analogs [19]. Emission from complexes
of the formulation trans-TcO,(L)4" (L is py or pic, n is 14; L is CN, n is 3-)
occurs ca. 0.2 éV below that of the Re analogs. The relative lower energy for
the trans-TcO,* core is predicted by TDDFT calculations, as is an electronic
structure that closely mirrors that of the Re analogs. Low temperature spectra
show the similar vibrational progressions for the Tc complexes as for Re, con-
sisting of a dominant O=Tc=0 symmetric mode and a Tc-L symmetric, in plane
mode that is displaced ca. 50 cm™! to lower energy due to the differences in the
metals. Comparison of the vibrational structure for the trans-[MO, (pic)4]BPhy
complexes is shown in Fig. 3. Although more comparisons of isoelectronic
metal complexes are needed it appears that the emission maxima for presumed
isostructural complexes trans-MO;L4" vary in the order Re > Os > Tc.

Preparative studies and luminescence studies have been conducted on
the diphosphine derivative trans-O,Re(dmppe), ™, including an X-ray crystal
structure of this complex (dmppe is 1,2-bis(di-4-methylphenylphosphino)-
ethane) [20]. The complex excited state emits both in the solid state and in
CH3CN solution with a 1.1us lifetime in the solid. The emission energy is

4 @ 4 )

Emission Intensity

I I T 1 U 1 T T I T T I
18 17 16 15 14 13 12 18 17 16 15 14 13 12

wavenumber x 1000

Fig.3 Experimental (thick noisy line) and calculated (fitted solid line) emission spectra for
ReNCl,(PCys3); (a) and ReNBr,(PCys3),. The fitted line is consistent with a lengthening of
the ReN bond in the excited state of ca. 0.08-0.09 A



52 R.A. Kirgan et al.

similar to that of other derivatives (broad 596-612 nm) and is likely a com-
posite emission from 3B2g and 3B3g excited states due to the lowered (Dyy)
symmetry. Low temperature (77 K) spectra also show vibrational structure -
presumably due to the symmetric OReO mode.

23
Nitridorhenium Complexes

Complexes of the type trans-NRe(diphos)Cl* and trans-NRe(dmppe)L”
(where diphos is a 1,2-bis(diphenylphosphino)ethane substituted in the four
positions with methyl and fluoro substituents and L is either Cl or CH;CN)
are luminescent in both the solid state and in CH3CN solution [20]. It is likely
that the emission is derived from the (dyy)'(dx,)! [°B2] and (dxy)'(dy,)' [*B1]
excited states, whose weak absorptions occur in the 390-500 nm region. The
vibrational structure in the transition corresponds to the ReN modes, which
supports this assignment. Higher energy, intense absorptions have been
tentatively assigned to overlapping LMCT (involving N and/or Cl ligands)
and m-7* transition localized on the phosphine. Remarkably, the trans-
NRe(dmppe)(CH3CN)?* exhibits a lifetime of 8.1 us in deaerated CH3;CN
whereas the other complexes are all less than 0.1 ps. The first reported re-
ductive electron transfer quenching studies of Re-nitrido complexes show
that they are moderately potent excited states oxidants. For example, trans-
NRe(dmppe)(CH3CN)?* exhibits a value of + 1.39 V (NHE) from a Marcus
analysis of the bimolecular rate constants for a series of arylamine quenchers.

Like the Re-dioxo complexes, Re-nitrido complexes exhibit vibrational
structure at low temperature making the determination of excited state dis-
tortions possible. The study of a series of five-coordinate pseudo-square pyra-
midal complexes of the type ReNX;(PR3);, where the nitrido ligand is apical,
demonstrates this quite nicely (X = CI or Br, R is phenyl or cyclohexyl) [21].
The excited state arises from a dyy to dy, transition where the latter orbital
is mixed in an antibonding fashion with N, functions. The nitridorhenium
frequencies for the complexes occur in the range 1095-1101 cm™' as seen
in Fig. 4. Fitting the vibronic components in the complexes gives a Re - N
bond length that is 0.08-0.09 A longer in the excited state, consistent with
the antibonding contribution of the nitrido ligand and also consistent with
a reduction in bond order from 3 to 2.5.

The trends in the emission energies (origins) are rationalized by AOM cal-
culations that show that the phosphine tunes the transition very little because
the change in energy for the dyy to dy, transition contains only terms for
halide and nitride ligands. Accordingly, the Epo deceases by 425-600 cm™
upon substitution of Br with CI, because chloride as the better 7-donor, desta-
bilizes the filled dyy orbital.

Photolysis of trans-NRe(CN)4(H,0)? in water with added ethylenedi-
amine is reported to yield a dimeric product, where two distorted octahedral
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Fig.4 Structure on the low-temperature emission spectra of [MO;(pic),]BPhy. Left spec-
trum is for M=Re, right for M=Tc

Re centers are bridged by an en ligand [22]. Apparently this reaction, which
involves displacement of water is not thermally rapid under the synthesis con-
ditions. The study appears to be the first example of photosubstitution of
a rhenium-nitrido complex.

3
Complexes of Re(ll)

There are several classes of Re(II) complexes that exhibit luminescence in
both solution and in the solid state, the cyclopentadienyl systems Cp,Re and
Cp*,Re [23] and the singular case of the homoleptic diphosphine, Re(dmpe)3 2+
(Cp* is pentamethylcyclopentadienyl) [24]. Emission has been shown to be
LMCT in nature (Re — P sigma bond to dm Re(II)). These complexes are also
rare examples in transition metal photochemistry of doublet-double emission,
i.e., a fluorescence.

A new study of the excited state properties of Re(dmpe);** and its Tc
analog, demonstrates that both complexes have among the highest excited
state oxidation potentials of any simple coordination complex, a property
that was not previously recognized [25]. This was ascertained by reductive
quenching (in CH3CN) with a series of aromatic hydrocarbons and the use of
a Rehm-Weller analysis. The latter analysis is reminiscent of excited state po-
tential determinations for organic singlet states. The complexes were found to
have potentials of +2.61 and +2.52 (Re and Tc, respectively) compared to the
saturated calomel electrode. The nature of the quenching as electron trans-
fer from the hydrocarbon was supported by a novel steady state photolysis
experiment where the radical cation of 10-methyl phenothiazine was photo-
catalytically produced using the autoxidation of Re(dmpe)s* to regenerate
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Re(dmpe);2*. Of interest is that both complexes make available extremely
oxidizing excited states using a visible photon, since their absorption and
emission energies are 528 nm (600 nm) for Re, and 590 nm (681 nm) for Tc,
respectively. Unrestricted open shell TDDFT calculations confirm the nature
of the transitions as LMCT and predict the proper relative energies of Re
versus Tc.

4
Rhenium Hydride Complexes

Rhenium is an element known for its abundance of metal hydride complexes
spanning a variety of oxidation states, for example, from Re(I), Re(CO)sH
to Re(VII), ReHy?". However, despite the recent interest in light-driven H,
formation from different substrates (such as water) there are few recent pho-
tochemical studies of Re hydride complexes.

The complex CpRe(PPh3),H; has been of primary concern because of its
thermal and photochemically-induced C—H activation chemistry [26, 27].
Upon UV photolysis the complex undergoes PPh; substitution with a variety
of entering groups (L), for example, phosphine, CO or ethylene to yield both
CpRe(L)(PPh3)H; and CpReL, H,. The ratio of the products depends upon re-
action conditions and entering group. Under similar conditions, the complex
CpRe(PPh3)H,4 undergoes photolysis to lose dihydrogen and capture a ligand,
regenerating a CpRe(L)(PPhs)H; type structure.

Theoretical studies have been published concerning complexes of the for-
mulation M(chelate)(CO)sH (M is Mn and Re and chelate is a diazabutadiene
ligand, for example, the parent, cis-HN = C(H)(H)C = NH). These point to
a rich photoreactivity similar to the alkyl derivatives (see later) that arises
from potential surfaces accessible from the initially formed MLCT excited
manifold [28,29]. The initially formed states are predicted to be photodisso-
ciative by virtue of mixing of the sigma-bond to ligand (v*) charge transfer
(SBLCT) excited state configurations into the MLCT excited state configura-
tions, which are multiplicity dependent. Experimental results for Mn com-
plexes have previously been published, and the calculations suggest that the
photoreactivity of the Re analogs will be enhanced relative to those because
of greater mixing of configurations. This metal hydride chemistry should be
fertile area for future research.

5
Complexes with Rhenium - Rhenium Bonds

Measurement of action spectra for the photolysis of M;(CO);o (M is Mn or
Re) provides new evidence for the excited state origin of the well-studied
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primary photoprocesses [30] in these systems, i.e., metal-metal bond ho-
molysis yielding Re(CO)s, and CO loss yielding Re;(CO)oL [31]. For Mn,
using the appropriate traps in investigating the wavelength dependence, it
was found that both photoprocesses could occur from the low-lying excited
states, but that higher energy excitation clearly favors the CO loss pathway.
However, the data do not clearly establish that all the metal-metal bond
cleavage comes from surface crossing to the *(o-0*) photodissociative state.
For Re, the mechanism appears more complex, with population of the up-
per states also leading to the cleavage of the metal-metal bond. It is noted
here that the role of solvent (as opposed to the complexes in the gas phase)
in determining the shapes of the potential surface may profoundly affect the
photochemistry.

Recent work has focused on the substituted dimer, [fac-Re(bpy)(CO)s],
partially because of its potential involvement in photocatalytic processes,
for example, CO;, reduction (see later). A fundamental question that has
been explored is why a metal-metal bond cleavage is different for this com-
plex than for Re;(CO)jo. Fujita and Muckerman have attempted to answer
this by employing DFT, RHF and MP2 calculations [32]. They find that the
most stable ground state geometry is a skewed, cis conformation, which is
in agreement with experimental data. For this geometry the o*(MM) excited
state is not immediately accessible, i.e., excitation followed by rearrangement
would be necessary to achieve bond cleavage. Of note is that upon photolysis
in THE, the radical, Re(bpy)(CO); is produced, though inefficiently com-
pared to Re;(CO);o. Apparently, solvation rapidly results in the formation of
[Re(bpy)(CO)3(THF)], which has an apparent dimerization rate that is much
slower than Re(CO)s. It is suggested that this is due to blocking of the coordi-
nation site by the THF ligand.

Earlier work had examined the apparent dimerization rate of [Re(dmbpy)-
(CO)3(THF)] (dmbpy is 4,4'-dimethyl-2,2’-biphyridine) in competition with
CO;. In this case the slow rate is an advantage for the reduction reaction to
compete [33]. Apparently, the complex yields CO through an intermediate
CO; bridged dimer formulated as [(dmbpy)Re(CO)3]5(CO;).

6
Complexes of Re(l) with Pyridine and Diimine Ligands

Complexes of Re(I) containing polypyridine or diimine donors, usually with
three carbon monoxide co-ligands, continue to be an intense area of interest.
These studies will be described under the following headings: photophysical
properties, photophysical mechanisms, transient detection, photochemical
properties, polymer systems, molecular polygons, guest-host molecules, car-
bon dioxide reduction, bioinorganic applications and usages as sensors and
light emitting-diodes.
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6.1
Photophysical Properties

Photophysical properties of the rhenium(I) bi- and tricarbonyl complexes
with pyridine and polypyridine ligands of note are summarized in Tables 1-4.
In addition to the carbonyl ligands, the complexes contain the diimine lig-
and located in the left hand column; the monodentate ligands labeled Ly are
shown in Figs. 5-12 at the end of the tables. Information about the photophys-
ical properties of the rhenium complexes are listed in the remaining columns
sequentially according the solvent used in the study, the temperature of the
measurement, the excitation wavelength, the emission wavelength, the emis-
sion quantum yield and the emission lifetime (in the tables the emission and
excitation wavelength is in nm). The references in the right hand column can
be consulted for additional details.

In Table 1, the diimine ligands were either 2,2’-bipyridine or 1,10-
phenanthroline, or one of their derivatives, although 2,2’-bipyrazine and
derivatives of 2,2’-bipyrimidine are also listed. Some monodentate chelat-
ing ligands contained one or more pyridine functionality and could bind an

Table 1 Rhenium tricarbonyl complexes with multidentate ligands

Complex Solvent Temp Ex. Em. QY Life Refs.
(K) (ns)
Re(CO)3(bpy)(L1)* CH,Cl, 273 350 568 0.007 550 [34]
Re(CO)3(bpy)(L2)* CH,Cl, 273 350 563 0.044 610 [34]
Re(CO)3(dmb)(L1)* CH,Cl, 273 350 558 0.008 570 [34]
Re(CO)3(dmb)(L2)* CH,Cl, 273 350 552 0.049 740 [34]
Re(CO)3(phen)(L1)* CH,Cl, 273 350 552 0.012 2040 [34]
Re(CO);(phen)(L2)* CH,Cl, 273 350 549  0.061 3080 [34]

Re(CO)3(3,4,7,8-Mephen)(L1)*  CH,Cl, 273 350 525 0.002 520 [34]
Re(CO)3(3,4,7,8-Mephen)(L2)*  CH,Cl, 273 350 515 0.075 12500 [34]

Re(CO)3(L3)Cl CH,Cl, 298 436 576 - <100 [35]

Glass 77 436 526 - -

LB Film 298 430 - - -
Re(CO)3(L4)Cl CH,Cl, 298 488 615 - <100 [35]

Glass 77 488 536 - -
Re(CO)3(L5)Cl CH,Cl, 298 430 - - - [35]
Re(CO)3(L6)Cl CH,Cl, 298 430 - - - [35]
Re(CO)3(bpy)(L7)* CH,Cl, 298 396 554 - <100 [35]

Glass 77 396 492 - -

LB Film 298 388 - - -
Re(CO)g(bpy)(LS)+ CH,Cl, 298 370 540 - <100 [35]

Glass 77 370 492 - -

LB Film 298 366 530 - -
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Table 1 (continued)

Complex

Re(CO)3(bpy)(L9)*

Re(CO)3(L10)C1

Re(CO)3(bpy)(L11)*
Re(CO)3(phen)(L11)*

Re(CO)3(bpy)(L12)*
Re(CO);(phen)(L12)*
Re(CO)3(bpy)(L13)*

Re(CO);(phen)(L13)*

Re(CO)3(bpy)(L14)*

Re(CO)3(phen)(L14)*

Re(CO)3(L15)(NCCH;)*
Re(CO)3(L16)(NCCH;)*
Re(CO)3(L17)(NCCH3)*
Re(CO),(L18)(L19)*

Re(CO),(L20)(L19)"

Re(CO)s(phen)(L21)*

Re(CO);(phen)(L22)*

Re(CO);(phen)(L23)*

Re(CO)3(3,4,7,8-Mephen)(L21)*

Solvent

CH,Cl,
Glass
LB Film

CH,Cl,
Glass

CH,Cl,
CH,Cl,

CH,Cl,
CH3;CN

CH,Cl,
CH3;CN

CH,Cl,
CH3;CN

CH3;CN
Solid
Solid

CH,Cl,
CH3;CN
Solid
Solid

CH3;CN
CH3;CN
CH3CN
CH3;CN
CH,Cl,

CH3;CN
CH,Cl,

CH,Cl,
CH3;CN
Buffer

CH,Cl,
CH3;CN
Buffer

CH,Cl,
CH3;CN
Buffer

CH,Cl,
CH3;CN
Buffer

Temp Ex.
X)

298 370
77 370
298 366
298 400
77 400
298 344
298 450
298 340
298 334
298 400
298 346
298 348
298 346
298 348
298 -

77 -

298 368
298 363
298 -

77 -

298 310
298 310
298 -

298 ~380
298  ~380
298 ~380
298 ~380
298 -

298 -

298 -

298 -

298 -

298 -

298 -

298 -

298 -

298 -

298 -

298 -

Em.

536
494

622,
675

550
563

530
540

548
540

550
550

540
510
500

550
571
515
500

370
417

~ 610
~ 610

~ 610
~ 610

536
552
552

536
550
550

540
554
554

510
518
522

QY Life
(ns)
- <100
- 500
- 200,
1500
- 630
- 460
- 2300
- 230
- 1500
- 2000
- 1400
- 1900
0.003 8450
0.014 8864
0.003 7836
0.011 10550
0.25 2690
0.079 1370
0.027 790
0.30 2920
0.13 1750
0.12 1070
0.49 2850
0.16 1460
0.096 840
0.16 7810
0.072 7320
0.026 11110
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Refs.

(35]

(35]

(36]
(36]

(36]
(36]
(36]

(36]

(36]

(36]

(37]
(37]
(37]
(38]

(38]
(38]

(39]

(39]

(39]

(39]
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Table 1 (continued)

Complex

Re(CO)3(3,4,7,8-Mephen)(L22)*

Re(CO)3(3,4,7,8-Mephen)(L23)*

Re(CO)3(2,9-diMe-4,7-diPh-phen)(L21)*

Re(CO)3(2,9-diMe-4,7-diPh-phen)(L22)*

Re(CO)3(2,9-diMe-4,7-diPh-phen)(L23)*

Re(CO)s(dpz)(L21)*

Re(CO)s(dpz)(L22)*

Re(CO)s(dpz)(L23)*

Re(CO)3(bpy)(L24)*

Re(CO)3(bpy)(L25)*

Re(CO)3(bpy)(L26)*

Re(CO)3(L27)Cl

Re(CO)3(L27)(L28)*
Re(CO)3(bpy)(L29)

Solvent

CH,Cl,
CH3CN
Buffer

CH,Cl,
CH3CN
Buffer

CH,Cl,
CH3CN
Buffer

CH,Cl,
CH3CN
Buffer

CH,Cl,
CH3;CN
Buffer

CH,Cl,
CH3;CN
Buffer

CH,Cl,
CH3CN
Buffer

CH,Cl,
CH3CN
Buffer

CH,Cl,
Glass
LB Film

CH,Cl,
Glass
LB Film

CH,Cl,
Glass

LB Film

CH,Cl,
CH,Cl,
CH,Cl,
CH3CN
Solid

Temp Ex. Em.
X)
298 - 516
298 - 522
298 - 518
298 - 518
298 - 522
298 - 522
298 - 540
298 - 550
298 - 556
298 - 542
298 - 550
298 - 554
298 - 542
298 - 552
298 - 558
298 - 548
298 - 568
298 - 572
298 - 544
298 - 562
298 - 566
298 - 548
298 - 568
298 - 572
298 370 539
77 370 499
298 368 527
298 370 540
77 370 492
298 366 530
298 364 548
77 364 491,
528,
555
298 354 546
298 380 497
298 380 474
298 361 571
298 345 573
77 361 525

R.A. Kirgan et al.

QY

0.19
0.051
0.041

0.27
0.12
0.078

0.22
0.079
0.011

0.19
0.13
0.012

0.18
0.053
0.028

0.28
0.086
0.034

0.15
0.065
0.033

0.24
0.054
0.032

0.007
0.006

0.078

0.001
0.003
0.003
0.004

Life
(ns)

13540
9900
14060

13280
8540
11620

7220
6780
6010

15480
9410
7850

11650
6960
5080

1120
400
110

1240
520
210

1100
400
130

660

700

930

Refs.

(39]

(39]

(39]

(39]

(39]

(39]

(39]

(39]

(40]

(40]

(40]

(41]

[41]
[42]
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Table 1 (continued)

Complex

Re(CO)3(phen)(L29)

Re(CO);(bpy)Cl
Re(CO)3(L30)Cl1
Re(CO)3(L31)Cl
Re(CO)3(L32)Cl
Re(CO)3(L31)(L33)*
Re(CO)3(L32)(L33)
Re(CO)3(L30)(L34)*
Re(CO)3(L30)(L35)
Re(CO)3(L30)(L33)
Re(CO)3(L31)(L34)
Re(CO)3(L32)(L35)~
[(Re(CO)3 (4,4’ -bpy)

Br)(L36)]2

[(Re(CO)3(4,4'-bpy)
Br)(L37)]3

[(Re(CO)3(4,4'-bpy)
Br)(L38)]2

Re(CO)3(bpy)(L39)*

Re(CO)3(dmb)(L39)*

Solvent

CH,Cl,
CH3CN
Solid

1:4 H,0:

pH =25

1:4 H,0:

pH =25

1:4 H,0:

pH =25

1:4 H,0:

pH=38

1:4 H,0:

pH =25

1:4 H,0:

pH=38

1:4 H,0:

pH =25

1:4 H,O0:

pH=38

1:4 H,0:

pH =25

1:4 H,0:

pH =25
1:4 H,0

pH=38
CH,Cl,
CH,Cl,
CH,Cl,

CH,Cl,

CH,Cl,

Re(CO)3(4,4'-di'Bu-bpy) CH,Cl,

(L29)*

Re(CO)3(4,4'-di'Bu-bpy) CH,Cl,

(L40)*

Dioxane

Dioxane

Dioxane

Dioxane

Dioxane

Dioxane

Dioxane

Dioxane

Dioxane

Dioxane

:Dioxane

Temp Ex.
(K)
298 353
298 341
77 353
298 368
77 368
298 394
77 394
298 390
77 390
298 375
77 375
298 366(sh)
77 366(sh)
298 350(sh)
77 350(sh)
298 370
77 370
298 370
77 370
298 360
77 360
298 370(sh)
77 370(h)
298 355(sh)
77 355(sh)
298 352
298 357
298 351
298 355
298 355
298 355
293 360

568
571
544

605
536

678
580

648
541

625

592
523

583

612
533

610

614
521

605
528

587

611

616

616

426
533

426
533

426
533

524

QY

Life
(ns)

0.022 -

0.041

0.004

0.0001

0.0002

0.002

0.015

0.045

0.004

0.005

0.005

0.005

0.04

0.39

29
2900
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Refs.

[42]

(43]

1.5 [43]

700

0.5 [43]

900
7

77
3100

75
12
1500
10
48

2800
12

1500

50

86

72

495

11000

[43]

(43]

[43]

[43]

(43]

[43]

(43]

[43]

(44]

(44]

(44]

(45]

(45]

(45]

(46]
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Table 1 (continued)

Complex
Re(CO)3(4,4'-di’Bu-bpy)(L41)*
Re(CO)3(L42)Cl
Re(CO)3(1L43)Cl
Re(CO)3(L44)Cl
Re(CO)3(L45)Cl

Re(CO)3(L46)Cl

Re(CO)3(L47)Cl
Re(CO)3 (bpy)(L48)*
Re(CO)3(L49)Cl

Re(CO)3(L50)Cl1

Re(CO)3(phen)Cl

Re(CO)3(phen)(L51)*

Re(CO);(4-Mephen)(L51)*

Re(CO)3(4,7-diMephen)(L51)*

Solvent

CH,Cl,
CH,Cl,
Glass
CH,Cl,
Glass
CH,Cl,
Glass
CH,Cl,
Glass
Benzene
Solid
Solid
Glass

Benzene
CH3CN
CH,Cl,
Glass

CH,Cl,
Glass

CH,Cl,
Glass

C,H5;0H
Glass

C,H50H

Glass

C,H5;0H

Glass

Temp Ex.
X)
293 360
298 420
77 420
298 420
77 420
298 420
77 420
298 420
77 420
298 480
298 480
77 480
77 480
298 580
293 370
298 400
77 400
298 400
77 400
298 400
77 400
298 364
77
298 364
77
298 360
77

552
722
642

695
600

633

633

595
558
562
535

626
562
598
527
570
620

598
504
543
585

606
535

508
459,
490
524,
565

505,
483
461,
495
529,
568

505,
481
465,
498
535,
571

R.A. Kirgan et al.

QY Life
(ns)

0.042 2100
<100
1900

<100
3500

<100

<100

260
<100
1900
7200

<100

0.0018 132
0.018 960
456000

0.008 163
30000
410000

0.013 227
7600

18 640
17080

0.77

0.70 17350

15840

0.61 15400

Refs.
(46]
(47]
(47]
(47]
(47]

(48]

(48]
(49]
[50]

[50]

(50]

(51]

(51]

(51]
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Table 1 (continued)

Complex

Re(CO)3(3,4,7,8-Mephen)(L51)*

Re(CO)3(2,9-diMephen)(L51)*

Re(CO)3(2,9-diMe-4,7-
diPh-phen)(L51)*

Re(CO);(5-Clphen)(L51)*

Re(CO)3(5-nitro-phen)(L51)*

Re(CO)3(5-Mephen)(L51)*

Re(CO)3(5,6-diMephen)(L51)*

Re(CO)3(php)(L51)*

Re(CO)3 (bpy)(L51)*

Re(CO)3(L52)Cl

Solvent

C,H50H

Glass

C,Hs0H
Glass

C,H50H
Glass

C,Hs0OH
Glass

C,H50H
Glass

C,Hs0H
Glass

C,H50H

Glass

C,Hs0H
Glass

C,Hs0H
Glass

CHCl;

Temp Ex.
(X)
298 364
77
298 364
77
298 376
77
298 364
77
298 370
77
298 372
77
298 377
77
298 410
77
298 370
77
298 464

Em.

505,
476
465,
500
535,
575

498
452,
483
513,
552

529
495,
523
562

524
474,
505
546,
583

490,
526
562

510
463,
495
532,
571

493,
518
483,
518
556,
602

541
500,
538
578,
625

518
450,478
510,556

635

QY

0.52

0.22

0.39

0.78

0.83

0.56

0.11

0.27

Life
(ns)

16300

1500
171000

322000

20200
231000

30900
229000

6200
268000

1220
8800
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Refs.

(51]

(51]

(51]

(52]

(52]

(52]

(52]

(52]

(53]

[54]
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Table 1 (continued)

Complex

Re(CO);(L53)Cl
Re(CO);(L54)Cl
Re(CO);(L52)(NCCH3)*
Re(CO);(L53)(NCCH3)*
Re(CO)3(L54)(NCCH3)*
Re(CO)3(L52)(L55)*
Re(CO)3(L53)(L55)*
Re(CO)3(L54)(L56)*
Re(CO)3(L53)(L56)"
Re(CO);3(L57)Cl

Re(CO)3(L58)Cl
Re(CO)3(L57)(L59)*
Re(CO)3(L58)(L59)*

Tridentate Ligands
Re(CO)3(L60)*

Re(CO)s(L61)*

Re(CO)3(L62)*

Solvent

CHCl;

CHCl;
CH3;CN
CH3;CN
CH3;CN
CH3;CN
CH3;CN
CH3;CN
CH3;CN
EtOH : MeOH
Glass

EtOH : MeOH
Glass

EtOH : MeOH
Glass

EtOH : MeOH
Glass

(CH,0H),
N,

air
CH3;CN
N,

air

(CH,0H),
N,

air
CH3CN
N,

air

(CH,0H),
N,

air
CH3;CN
N,

air

Temp Ex.

(K)

298
298
298
298
298
298
298
298
298
298

77
298

77
298

77
198

77

298

298

298

460
431
388
379
380
396
386
383
388
420

404

388

374

325

325

325

561
529
520
509
504
528
523
519
550
705
656
718
641
684
632
669
617

559
565

554

552

428,557

429,558

424,559

427,555
428,554

418,554
421

R.A. Kirgan et al.

QY Life
(ns)

0.0001
98
0.0007 -
2537
0.0017 25
1522
0.0089 95
5507

0.0162
0.0056

0.0125
0.0004
0.0234

0.0085

0.0163

0.0162
0.0060

0.0146

Refs.

(56]

[56]
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Table 1 (continued)

Complex Solvent Temp Ex. Em.
(K)
Re(CO)3(L63)* 298 280
(CH,0H),
N, 575
air
Re(CO)5(L64)* 298 320 555
(CH,0H),
N,
air
Re(CO)3(L65)* 298 290 327
(CH,0H),
N,
air
Re(CO);5(L66)* 298 320 440
(CH,0H),
N,
air
2 = rectangle
Table2 Rhenium dimer and trimer complexes
Complex Solvent  Temp Ex.
(K)
(bpy)(CO)3Re(L67)Re(CO)3(bpy)>t CH,Cl, 298 366
(bpy)(CO)3Re(L68)Re(CO)3(bpy)>t CH3CN 298 360
(phen)(CO)3Re(L68)Re(CO)3(phen)2+ CH3CN 298 406
(bpy)(CO)3Re(L69)Re(CO)3(bpy)>t CH3CN 298 347
Solid 298 -
Solid 77 -
(phen)(CO)3Re(L69)Re(CO)3(phen)2+ CH,Cl, 298 383
CH3CN 298 368
Solid 298 -
Solid 77 -
Cl(CO)3Re(L70),Re(CO);Cl Water 298 480
(4,4'-di*Bu-bpy)(CO)3Re(L71) CH,Cl, 298 350
Re(CO); (4,4 -di’ Bu-bpy)?*
(4,4'-di'Bu-bpy)(CO)3Re(L72) CH,Cl, 298 350
Re(CO); (4,4’ -di* Bu-bpy)?*
(4,4'-di'Bu-bpy)(CO)3Re(L73) CH,Cl, 293 360

Re(CO); (4,4’ -di’ Bu-bpy)?*

535
415
556

423
540

586
508
508
550
570
557
540

665
542
540

536

QY  Life
(ns)
0.0077
0.0021
0.022
0.0080
0.048
0.045
0.021 14380
0.023 16010
QY Life
(ns)
- 1040
- <100
240
- <100
2000
- 200
- 1200
- 2500
- 1500
- 1100
0.026 1060
0.026 1010
0.2 4800

63

Refs.

(57]

(57]

(57]

(57]

Refs.
[36]
[36]
[36]

(36]

(36]

(58]
[59]

[59]

(47]
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Table 2 (continued)

Complex Solvent Temp Ex. Em. QY Life Refs.
(X) (ns)

(6 MeBpy)(CO)3Re(L72)Re(CO)3 CH,Cl, 293 360 544 0.083 3800 [47]
(6-MeBpy)?*

(4,4 -di’Bu-Bpy)(CO)3Re(L74) CH,Cl, 293 360 538 0.16 6200 [47]
Re(CO);(4,4-di* Bu-Bpy)>*

(4,4'-di'Bu-bpy)(CO)3Re(L75) CH,Cl, 293 360 538 022 5400 [47]
Re(CO);(4,4'-di’ Bu-bpy)?*

(4,4'-di' Bu-bpy)(CO)3Re(L76) CH,Cl, 293 360 532 027 5900 [47]
Re(CO); (4,4 -di’ Bu-bpy)?*

[Re(CO)3(bpy)]3(L77)** CH;CN 293 380 574 0.0014 15 [60
[Re(CO)3(bpy)]5(L78)>* CH;CN 293 380 576 0.030 250  [60
[Re(CO)3(dmb)]5(L77)3* CH;CN 293 380 562 0.001 10 [60
[Re(CO)3(dmb)]5(L78)>* CH;CN 293 380 566 0.061 510 [60

]
]
]
]
[Re(CO);(4,4’-diPhbpy)]5(L77)3* CH;CN 293 380 582 0.0043 15.5 [60]
[Re(CO);(4,4’-diPhbpy)]5(L78)3* CH3CN 293 380 582 0.040 220 [60]
[Re(CO);3(4,4-di’Bu-bpy)]5(L77)>**  CHsCN 293 380 560 0.003 8.2 [60]
[Re(CO);3(4,4-di’Bu-bpy)]5(L78)>* CHsCN 293 380 562 0.026 610 [60]
[Re(CO);(5,5 -diMebpy)]5(L77)>* CH;CN 293 380 568 0.008 12.1 [60]
[Re(CO);(5,5 -diMebpy)]5 (L78)* CH3CN 293 380 566 0.070 830 [60]
[Re(CO);(6,6'-diMebpy)]5(L77)>* CH;CN 293 380 556 0.008 9.9 [60]
[Re(CO);(6,6'-diMebpy)]5 (L78)>* CH3CN 293 380 554 0.045 540 [60]
]
]
]
]
]
]
]
]
]

[Re(CO)3(6-Mebpy)]3(L77)>* CH;CN 293 380 568 0.0015 162 [60
[Re(CO)3(6-Mebpy)]3(L78)>* CH;CN 293 380 568 0.030 440 [60
[Re(CO)3(phen)]3(L77)* CH;CN 293 380 560 0.0015 17.6 [60
[Re(CO)3(phen)]5(L78)* CH;CN 293 380 562 0.052 1850 [60
[Re(CO)3(4-Mephen)]3(L77)>* CH;CN 293 380 554 0.0004 54 [60
[Re(CO)3(4-Mephen)]3(L78)>* CH;CN 293 380 552 0.035 2180 [60

[Re(CO)3(4,7-diPhphen)]5(L77)>*  CH;CN 293 380 578 0.0017 205 [60
[Re(CO);(4,7-diPhphen)]5(L78)>*  CH3CN 293 380 578 0.023 1070  [60
[Re(CO)3(2,9-diMe-4,7-diPhphen)]; CH3CN 293 380 564 0.0002 4.9 [60
(L77)%*

[Re(CO);3(2,9-diMe-4,7-diPhphen)]; CH3CN 293 380 562 0.027 1420 [60]
(L78)3*

[Re(CO)3(en)]s(L77)>* CH;CN 293 380 538 0.000 - [60]
[Re(CO)3(en)]5(L78)3* CH;CN 293 380 536 0.091 920 [60]

equivalent number of rhenium centers giving rise to mono- or multi-metal
complexes. The most emissive complexes and with the longest emission life-
times contained 2,6-dimethylphenylisocyanide; others with more elaborate
organic functionalities were less emissive and had shorter emission lifetimes.
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Table 3 Rhenium complexes with less then three carbonyl groups

Complex Solvent ~ Temp Ex. Em. QY Life Refs.
(K) (ns)
Re(CO),(dmb)(L79) CH;CN 298 415 618 0.07 1224 [61]
Re(CO),(dmb)( L80)(L80)* CH;CN 298 411 608 0.09 1101  [61]
Re(CO),(dmb)(L80)} CH;CN 298 402 600 0.08 1074  [61]
Re(CO), (dmb)(L80)(L81)* CH3CN 298 400 598 0.07 1003 [61]
Re(CO),(dmb)(L81)} CH;CN 298 396 595 0.0 1046  [61]
Re(CO),(dmb)(L82)} CH;CN 298 395 592 013 1220  [61]
Re(CO), (dmb)(L79)(L83)* CHsCN 298 388 612 0.03 601 [61]
Re(CO), (dmb)(L80)(L84)* CHsCN 298 382 606 0.05 511 [61]
Re(CO),(dmb)(L81)(L85)* CH;CN 298 379 602 0.06 665 [61]
Re(CO),(dmb)(L83)} CH;CN 298 366 605 0.03 381 [61]
Re(CO),(dmb)(L84)} CHs;CN 298 365 603 0.03 355 [61]
Re(CO),(dmb)(L84)(L85)* CH;CN 298 363 602 005 361 [61]
Re(CO)(bpy)(L51)} C,HsOH 298 382 - - - [53]
Glass 77 485 6300

Table 4 Results from solvent or binding studies

Complex Solvent Temp Ex. Em. QY Life  Refs.
(K) (ns)
L86 CH;CN  H,0 298 409 [62]
100 0 666 0.0004 11
90 10 634 0.0005 13
80 20 612 0.0016 120
70 30 611 0.0017 124
60 40 613 0.0021 135
50 50 613 0.0024 137
40 60 612 0.0026 140
30 70 611 0.0031 167
20 80 604 0.0047 176
10 90 602 0.0065 212
Re(CO);3(bpy)(L87)"  CH3;CN 298 355 600 0.0035 <1 [63]
+Li* 0.0055 12
+Na* 0.0042 10
+K* 0.0012 <1
+Mg?t 0.0470 140
+Ca?* 0.0130 56
+Ba?t 0.0087 47
+HY 0.0280 140

Replacement of Cl~ by pyridine, or one of its derivatives, lead to an enhance-
ment of emission properties of rhenium(I) complexes as noted by entries in
Table 1.
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Fig.6 Structures of ligands L4-L20

Complexes containing the multidentate dentate ligands listed in Table 2
and those with less than three carbonyl ligands listed in Table 3 have also been
prepared. Some of the multidentate ligands contained a nucleotide; others an
ester or acid side chain. Finally, some results from solvent or binding studies
are listed in Table 4.
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6.2
Photophysical Mechanisms

Figure 13 illustrates two models used to explain the photochemical prop-
erties of rhenium carbonyl complexes. The MLCT absorption band often
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lies at lower energy on the shoulder of the 7 — 7* diimine ligand centered
transition (LC); hence, both the !MLCT and 'LC* levels are often popu-
lated simultaneously. Further, the °MLCT and 3LC* vary in energy relative
to one another. Consequently, emission spectra are often found to occur in
the 500 nm region with strong vibronic character consistent with a large *LC*
contribution; in other cases the spectra occur near 600 nm and are structure-
less and assignable to a >MLCT state. Because the emission envelope of the
coordinated diimine ligand is red-shifted from that of the free ligand, a com-
bination *LC, *MLCT state is often employed to account for the emission
behavior.
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Emission spectra are also temperature dependent. At 77 K in a frozen ma-
trix, the 3MLCT state in some cases is found to rise above the 3LC state
resulting in ligand centered emission in some systems [50].
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More recently, density functional theory and time dependent density
functional theory have provided new insights into the appropriateness of
these models [51-53]. For the “parent complexes”, [Re(bpy)(CO)3;Cl] and
[Re(bpy)(CO)3(py)]*, the highest occupied molecular orbital contained
50% or greater Re; character along with ~20% contributions each from
CO and Cl for [Re(bpy)(CO)3Cl] and ~20% contributions from CO for
[Re(bpy)(CO)3(py)]*. The lowest unoccupied molecular orbitals consisted
of 80% or greater diimine ligand 7* character in both cases. Thus the low-
est energy optical transition was assigned as a metal-ligand-to-ligand charge
transfer transition (MLLCT) [53].

TDDFT calculations results were consistent with the band shapes of the
optical spectra of the “parent complexes” and are shown in Fig. 14. The cal-
culated optical transitions are shown as bars under the experimental spectra
and consist of MLLCT, ligand-to-ligand charge transfer transitions (LLCT),
intraligand 7 — 7* transitions (IL), and metal-complex delocalized-charge
transfer transitions (MCDCT). Triplet state energies were also calculated
based on a MLLCT state and correlated with experimental emission spectral
results [53].

Similar calculations were applied to [Re(diimine)(CO)3(RNC)]* com-
plexes, where RNC is 2,6-dimethylphenylisocyanide and diimine = phen deri-
vatized with electron donor groups [51] or electron withdrawing groups [52].
In general the HOMOs contained 45% or greater Re; character and 27%
or greater RNC character and the LUMO contained >81% diimine 7*
character. The lowest optical transition was assigned as MLLCT and emis-
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Fig. 14 Experimental absorption spectra of 1, [Re(bpy)(CO);Cl], and 2, [Re(bpy)(CO)3
(py)]*, and calculated singlet excited-states. The excited states are shown as vertical bars
with height equal to the extinction coefficient. Black = MLLCT, green = LLCT, blue =
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sion was assigned as MLLCT. The HOMOs of complexes of the type
[Re(bpy)(CO)3(ER); ], where ER = NHPh, N(4 — CH3Ph);, PPh;, were located
on the amido and phosphido ligands and the LUMOs were located on the
bpy 7* levels. Thus, for the latter complexes the lowest energy transition was
assigned as LLCT and emission as >LLCT [64].
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6.3
Transient Detection

Time resolved absorption (TRA), infrared (TRIR), and Resonance Raman
(TRRR) methods were used to detect transients of photoexcited rhenium(I)
carbonyl complexes. The °MLLCT nature of the excited state was confirmed by
detecting the existence of the diimine radical (diimine~) using time resolved
absorption measurements [44, 50, 61, 65, 66]. For [Re! (dmb - tol)(CO)3Cl]*,
where dmb-tol was 4-methyl-4’-(N-methyl-p-tolylaminomethyl)-2,2’-bipyri-
dine, the transient absorption spectrum was consistent with the formation
of the redox separated state [Re! (dmb -tol*)(CO)3Cl] [67]. For the com-
pound [Rel(bpy-YH)(CO)3CN] shown in Fig. 15, the transient absorption
spectrum of [Re! (bpy-Y~)(CO)3;CN]* was attributed to the redox intermediate
[Re! (bpy™-Y)(CO)3CN]* [68]. TRA was also used to probe the excited state be-
havior of [RCO,-Re(CO)3(bpy)], where RCO,~ = naphthalene-2-carboxylate,
anthracene-9-carboxylate, pyrene-1-carboxylate and acetate anions. Two ex-
cited states were observed: the 3LLCT state of the arene and the >MLCT state
of Re-bpy component [69].

Fig.15 Structure of [Re(bpy — Y)(CO)3CN]

The detection of intermediates related to changes in CO stretching frequen-
cies has provided additional insight into the photophysics of rhenium carbonyl
complexes. Vlcek’s group has extensively examined two rhenium tricarbonyl
systems by TRIR, [Re(ER);(CO)3(bpy)], where ER = NHPh, N(4-CH3Ph),,
and PPh;,, and [Re(R)(CO)3(dmb)], where R = CH3 and C,Hs. TRIR measure-
ments in the picosecond and nanosecond time domains revealed complex ex-
cited state dynamics for [Re(ER),(CO)3(bpy)] initiated by LLCT and ending in
alowlying excited state consisting of an aminyl/phosphinyl radical-cationiclig-
and [64]. The dynamics of excited state decay for [Re(R)(CO)3(dmb)] was also
complex. After initial population of the > MLCT state, TRIR revealed formation
of [Re(R)(CO)3(dmb)]~ by reaction with solvent, then [Re(R)(CO)3(dmb)],
and finally [Re(R)(CO)3(dmb)] [70].
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TRRR measurements for [Re(dppz-X)(CO)3Cl], where dppz is dipyrido[3,
2-a:2’,3'-c]phenazine and X = Br and COOC,Hs were examined for dppz-X
vibrations. The results were in agreement with a >MLCT excited state assign-
ment [71].

6.4
Photochemistry

Although many of the complexes of the type Re(bpy)(CO)s;L", where L is
a weak field ligand like pyridine or halide are photostable to irradiation into
the MLCT manifold, efficient photochemical ligand substitution is found for
fac-Re(X,bpy)(CO)3(PR3)" to yield substitution trans to the axial PR3 group
by CO loss (X,bpy is 4,4'-X;-2,2’-bpy where X is H, CF3, OEt or Ph and PR3 is
atertiary phosphine or phosphite) [72]. The cis dicarbonyl products, cis-trans-
Re(X;bpy)(CO),(PR3)L" form with chloride, py or CH3CN as the entering
group. Isolated yields ranged from ca. 50-95%. A follow-up study probed the
mechanism of this reaction. For a series of complexes where X is either CF3
or H and photolysis takes place in CH3CN to yield the appropriate solvent
complex, the temperature dependence of the emission yield and lifetime was
interpreted as indicating an activated process proceeding from a *MLCT state
to a >LF state as shown in Scheme 1 [73]. Activation energies for photosubsti-
tution were found to be between 3200 and 4800 cm™!, and photosubstitution
yields were generally in the range of 0.1 to 0.55. Labeling (!> CO) studies demon-
strated that the axial CO was indeed labilized, consistent with a dissociative
mechanism, and an associated excited state kinetic trans effect. Interestingly,
the photostability of fac-Re(bpy)(CO);py* and Re(bpy)(CO)3Cl and related
bpy-substituted complexes is proposed to be due to the weaker trans-labilizing
ability of the py or chloride ligand compared to a phosphorus donor and not
alarger activation energy to reach the 3LF state.

For the complex fac-Re(bpy)(CO)3(TEP)* (TEP is triethynylphosphine)
both possible trans-axial labilization products are observed in CH3CN so-

IMLCT
—‘ ‘—

Ground state

Scheme 1 Jablonski diagram for the dissociative, activated loss of the ligand trans to PR3
in fac-[Re(bpy)(CO)3(PR3)]" complexes
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lution, i.e., cis-trans-Re(bpy)(CO),(TEP)(CH3CN)* and fac-Re(bpy)(CO)3
(CH3CN)* in ca. a 2: 1 ratio. This may indicate that the kinetic trans effect
of TEP and CO is comparable. fac-Re(bpy)(CO)3(TEP)* also exhibits a struc-
tured high energy luminescence suggestive of ligand-localized origin [74].
In fact, DFT/TDDFT calculations predict a mixed ligand-localized (bpy) and
MLCT state to be lowest in energy; however, they do little to shed light on the
unique photosubstitution behavior.

Photosubstitution of diphosphine-bridged bimetallic complexes has been
used to produce precursors for oligometallic materials where only one end
of the complex has been ligated [75]. This chemistry as shown in Scheme 2
utilizes 1,2-trans-bis-diphenylphosphinoethylene as the bridging ligand and
can proceed with quantum yields as high as 0.35. The chemistry is unique in
that it proceeds to substitute at only one trans position. This is proposed to be
due to “self-quenching”, i.e., intramolecular energy transfer transfer from the
high-energy chromophore that proceeds efficiently to the low energy, photo-
stable ligand substituted chromophore. In fact, TRIR studies demonstrate this
rapid energy transfer by monitoring the change in the ground and excited
state Re — CO modes. Another related study has used dppe as a bridging lig-
and under similar conditions and has produced up to tetrametallic complexes
using only Re(I) dicarbonyl units as building blocks [76].

2+ light +
o D o0
| . | . TBACI, MeOH | |
0C—ReZ-P——P—Re“-CO 00 Re“—P——P—R"Cl
oc” | oc” | oc” | oc”
co co co
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N N PR
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heat P——p P——P heat
q q 2+
oc” | oc” |
co co

Scheme2 Photochemical and thermal transformations of the ligand bridged complex
[(bpy)(CO)3ReP — PRe(CO)3(bpy)]?* (P-P is trans-1,2-bis-diphenylphosphinoethylene)

Recent preparative studies of a series of mixed-ligand bpy and phen
complexes of the formulation cis-[Re(CO), (chelate)(diphos)]* and cis-trans-
[Re(bpy)(CO)2(PR3)2]" (diphos is for example dppm or dppe) are emissive in
solution with lifetimes in the range of 25 to 1147 ns and emission quantum
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yields of between 0.002 and 0.11 [77]. The complexes represent a new class of
photosensitizers with tunable ground and excited state properties.

A study reported the homolysis of the metal alkyl bond for [Re(R)(CO)3
(dmb)] (R = CH3 and C;Hs) [71] The photoactive excited state was iden-
tified as *MLCT (metal-to-ligand charge transfer) with an admixture of
3SBLCT (sigma bond-to-ligand charge transfer) character. Excited state decay
of [Re(C3H;5)(CO)3(dmb)] led only to homolytic cleavage of the Re— C,Hs
bond, whereas for [Re(CH3)(CO)3(dmb)] both homolytic cleavage of the
Re — CH3 bond and decay from the excited state to the ground state occurred
inal:1 ratio.

Trans to cis isomerization of azo and ethylene linkages associated com-
plexes of the type [Re(diimine)(CO)3L]*, where L are ligands shown in
Fig. 16, was examined by several groups [34-36, 63,77]. The process is out-
lined in Scheme 3. Optical excitation in the visible caused trans to cis isomer-
ization along with a marked enhancement of emission.

| AN | A | X N\ (N\ N\
F P % Q N _~# | P
X _X X N N o. NH
>
N
X=N L, X=N L, OCH37 N X N
X=CLy X=ClLy x=N I, O O X o o
X=C L o) OJ EO OJ
LI
L.
]
Lg
OC18H37
X=N L,
X=C L

Fig.16 Azo, ethylenic and crown ligands

The isomerization was caused by energy transfer from a MLCT to
a ’IL (intraligand) state when the ligand was in the trans form. The
3IL state is higher in energy than the *MLCT state in the cis form, ac-
counting for the increase in emission intensity observed for the complex
after isomerization. The presence of protons was required to isomerize
[Re(diimine)(CO)3Lg]™ [78]. The reverse process of cis to trans isomeriza-
tion was studied in two cases and required exciting the complexes at higher
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energy than the energy needed to cause trans to cis isomerization [34, 35].
[Re(diimine)(Ly)(CO)3]Cl underwent reversible isomerization in the forward
direction upon irradiation at 450 nm and in the reverse direction at 365 nm
[Re(diimine)(CO)3L,]* required irradiation at 250 nm to cause cis to trans
isomerization [35]. The high energy required resulting in some decompos-
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ition [34]. The reversible trans to cis and cis to trans behavior resulting from
excitations at differing frequencies was equated to a photoswitch.

Light controlled ion switching was observed for the nanosecond re-
lease and microsecond recapture of alkali and alkaline earth metal ions for
[(bpy)Re(CO)3L;]*, where L; contains an azacrown ether [63]. Photosen-
sitization studies of ring-opening [45,47] and ring-closing [48] have been
studied by Yam’s group for rhenium complexes containing spirooxazine and
diarylethenes moieties attached to either the pyridine or diimine ligands. The
reactions are shown in Scheme 4.

6.5
Polymer Systems

Five different polymeric species containing rhenium(I) tricarbonyl complexes
are shown in Fig. 17. Polymer A contained {Re(CO)3Cl} units attached to
a dipyridyphenazine ligand [79]. The polymer components were varied from
x=0.1and y = 0.9 to x = 1 and y = 0 with the latter variation providing the
most evidence for the presence of the rhenium complex. A shoulder located at
ca. 550-600 nm was attributed to the characteristic MLCT optical transition
for the rhenium complex. The photoluminescence spectrum gave a continu-
ous decrease of emission (7*-7) from the poly(p-phenylenevinylene) back-
bone at ~550 nm with an increase in emission intensity (7*-d) at ~690 nm
as the rhenium loading increased.

Polymer B was synthesized using M;(0,CRy), where M = Mo, R = CF3;
M=Rh, R = CHj3, and [Re(L),(CO)3Br], where L = 4,4'-bipyridine [80]. Only
the oligomers obtained were too insoluble to characterize.

A more conventional polymer is shown for C which contains 2,2'-
bipyridine (bpy) groups built into a polymer backbone [81,82]. The =
conjugated co-polymers {P[Re]} (x =0.1, 0.2, 0.5) contained {Re(CO);Cl}
units coordinated to the bpy sites. The {P[Re]} polymers showed a 7-7*
absorption at ~375nm and a dm(Re)-7*(bpy) absorption at ~420nm.
Excitation of the {P[Rel].} polymers at 380 nm gave photoluminescence
spectra consisting of 7*-7 emission at about 485nm from the polymer
backbone and *MLCT emission from the rhenium centers peaking at
~590-600 nm. Electroluminescence measurements indicated the efficiency
was < 0.1 cd/A for the co-polymers which is much lower when compared to
{(bpy)Re(CO)3 } stand alone systems. A possible reason postulated for the
difference was charge carrier recombination due to the separation of localized
electron-hole pairs.

Two approaches were taken to prepare polymer D [83]. The synthesis
of the polymer involved combining methacrylate and styrene monomers
with either a free pyridine ligand or a pyridine with {Re(phen)(CO)3} at-
tached. For the polymer with the free pyridine, {Re(phen)(CO)s} was at-
tached in a second step. Both routes led to polymers with similar properties.
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Fig.17 Polymers incorporating rhenium into their structures

Absorption and emission properties were similar to those of unattached
[Re(phen)(CO)3(py)]* with high quantum efficiencies and long emission life-
times. Quenching of the emission occurred in the presence of O, suggesting
their use for dioxygen sensors.

A study compared the photophysical properties of the polymers (E)
{(vpy — CH3),* — vpyRe(CO)3(phen)™ },09, where vpy = vinylpyridine, phen
= 1,10-phenanthroline, to those of {(vpy —vpyRe(CO)3)(phen)* }290. Elec-
tron transfer was observed in the former; energy transfer in the latter [84].
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6.6
Molecular Polygons

Rhenium molecular squares and triangles are shown in Fig. 18 [44, 62, 85-90].
In general, Re complexes form the corners of the squares and rectan-
gles or corners of the triangles [44,62,85-89] except for one rectangle
which contains two rhenium and two palladium complexes in opposite cor-
ners [90]. Most often the spacers holding the metal centers in place were
based on ligands containing pyridine functionalities on opposite ends of
an organic linker [44,62,85-90], although alkoxide [62,85] and diimine
bridges [86,88,89] were also reported. In two cases, the bridging ligand it-
self contained a metal complex [88, 89] resulting in adding additional metal
centers to the rectangles. One bridging ligand contained Zn salen [88]; the
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Fig. 18 Squares, Rectangles, Triangles
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Fig. 18 (continued)

other contained zinc porphyrin [89]. Two synthetic procedures were followed.
First, the molecular bridged rhenium dimers were prepared and then an-
other bridging ligand was added to form the rectangle. Thus, in these cases,
the same bridging ligands were located on opposite sides of the rectangle
as shown in Fig. 18. Second, squares were formed by a one pot synthesis of
[Re(CO)s5Cl] with the bridging ligand.

The room temperature emission characteristics of the molecular poly-
gons varied. The emission maximum of rectangle A (R =-(CH3);;CHs3)
was located near 600 nm and its intensity was dependent on the solvent.
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Its quantum efficiency and lifetime increased respectively from 0.39 x 107
and 0.39 ns in CH3CN to 6.54 x 10~ and 212 ns in a 1:9 CH3CN : H,O mix-
ture [62]. Aggregation was the reason given for the emission enhancement in
the presence of water. Other A molecules (R = OH, OCH3, OC,H,C,H,0H),
were not emissive in solution at room temperature [85]. Emission maxima
for B in CH,Cl, were located near 600 nm and emission lifetimes varied from
86 ns (L = 1) to 495 ns (L = 3) [11]. Molecular rectangle C was not emissive at
room temperature [86] in agreement with results reported for the monomer,
[Re(bpm)(CO)3Cl], where bpm is 2,2'-bipyrimidine, which is also nonlumi-
nescent [91]. Rectangle D (L = 1) gave the characteristic MLCT emission of
Re(diimine)(CO)3 Cl complexes located at 635 nm with a short emission life-
time of 39 ns and low emission quantum yield of 8.5 x 10~ [87]. Emission
from E was observed in the 470-500 nm spectral region with an emission
lifetime of ~360 ps and low quantum yields of 0.012 (R = C;2Hj5) and 0.032
(R = CgHy3) [87]. The blue shift in emission was attributed to a mixed 7-7*,
3MLCT state. Emission from F was similar to that observed for E; emission
lifetimes were near 1ns and emission quantum yields near 0.1 [88]. Only
singlet emission was observed from the molecular rectangles containing zinc
porphyrins (G) with emission lifetimes were near 1 ns [89]. The Re/Pd square
(H) showed emission from the 3MLCT state with a maximum at ~625 nm and
an emission lifetime of 17 ns [90].

In general, emission intensity in the molecular polygons examined here
was significantly diminished from that of the monomolecular rhenium com-
plexes. This can be attributed to a decrease in the emission lifetime due to
quenching by the additional vibronic components.

One of the reasons for synthesizing molecular polygons was to examine
their use for guest-host interactions and possible catalysis. Quinones were
found to quench the emission of A by both dynamic and static quenching
and the binding constant with methyl-p-benzoquinone was determined to be
4.1 x 10> M™! [62]. Electron transfer quenching of B with various amines fol-
lowed Stern-Volmer behavior at low amine concentrations but deviated at
higher concentrations with N,N,N’,N’-tetramethylphenylenediamine produc-
ing a upward curvature of the Stern-Volmer plot and a blue shift in the emission
maximum of the rectangle which was interpreted as the result of substrate
binding [44]. The 2,9-naphthalenedisulfonate dianion was found by NMR tech-
niques to bind to C (L = 2) with an association constant of 2.3 x 10> M1 [86].
Nitro-substituted aromatic amines were found to quench the emission of D (L
= 3) in THF [87] with quenching rate constants that ranged from 4.94 x 108
t0 9.12 x 10° s™!. When D was cast as a film, 60% quenching occurred upon
exposure to dinitrotoluene vapors. Similar quenching experiments with nitro-
substituted aromatic amines with E were attempted without success. The size
of the hole as calculated was too small to hold the guests [87]. Binding of guests
such as DABCO (1,4-diazobicyclo[2.2.2]octane) in F based on the metallopor-
phyrin bridging ligand were unsuccessful. The cavity was too narrow for guest
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incorporation [89]. The guest in G was a special Zn-salen spacer, G-1, which
bonded to both Zn atoms in the bridge. Energy transfer was noted by decreases
in the emission spectra of both the guest and host as a function of the con-
centration of added guest [88]. Encapsulation of ClO4~ increased the emission
intensity for H. The increase was attributed to a decrease of the quenching rate
constant [90].

The N-L-N spacers in C were replaced by redox active diimine ligands such
as 4,4’ -bipyridine and the singly reduced rectangles were generated, placing
the added electron on one of the N-L-N ligands. Intervalence electron trans-
fer was observed at 5100 cm™! for N-L-N = 4,4/ -bipyridine and attributed to
a transition from N-L-N~ to the other N-L-N ligand. Due to the closeness of
the two N-L-N ligands, the process was attributed to direct orbital overlap
rather than superexchange through the metal centers [92].

6.7
Host-Guest Molecules

The novel host-guest molecules A shown in Fig. 19 were designed to ob-
serve charge separation between the rhenium bpy core of the guest and the
viologen located on the end of the host. The host and guest were synthe-
sized separately and then allowed to self assemble. Transient absorption data
were in agreement with photoinduced electron transfer from the excited state
of the rhenium complex to the viologen-host molecule [65]. Molecules B

Fig. 19 Host-guest molecules



86 R.A. Kirgan et al.

shown in Fig. 19 house mono- and bicyclic organic molecules such as 1,4-
diaminobenzene and 1-naphthol as guests. Instead of changes in emission
spectra, it was possible to follow concentration changes of the guests by moni-
toring changes in the optical spectrum [58]. Other host-guest interactions are
discussed in the section on sensors.

6.8
Carbon Dioxide Reduction

Advances in CO; reduction using visible irradiation were made in a num-
ber of areas. First, photo-oxidant properties of complexes of the type
Re(dmb)(CO), (P(p — XPh)3),*, where X = CH30, F, and Cl, were enhanced
by increasing the excited state oxidant power due to 7-7, CH-7, and CH-7-7
interactions resulting from close proximity of the CH(aryl)-m (pyridine)-
7 (aryl) components. However, the presence of CO, did not quench the
excited state [61]. CO, reduction to CO was affected photocatalytically
by Re(4,4’-bpy)(CO)3PR3+, X= H, CH3; R= P(OC2H5)3, P(O-i-C3H7)3, in
quantum efficiencies of 16-20%. The one electron reduced species generated
by excited state quenching by triethanolamine reacted with CO, to produce
CO [93]. Efficiencies of 9 to 12% for CO production were obtained for the
Ru-Re dimer (A) and Ru-Res tetramer (B) shown in Fig.20. The excited
states were quenched by 1-benzyl-1,4-dihydronicotinamide yielding a species
with the electron on the Re-bound bpy end of the bridging ligand which mi-
grated to the Re-bound bpy end of the bridging ligand prior to reaction with
CO; [94].

Fig.20 Multimetallic carbon dioxide reduction photocatalysts

In another study, [Re(bpy)(CO)s(py)]* was encapsulated into microp-
orous NaY and mesoporous AIMCM-41 molecular sieves. Irradiation of the
molecular sieve encapsulated rhenium complex in the presence of CO, and
H,0 (either gaseous or adsorbed onto the matrix) led to formation of CO
and carbonate species. The proposed photoinduced process is outlined in
Scheme 5 [95, 96].
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h .
[Re' CO)3(bpy)(py)I*-AIMCM-41  ———  Re*%(CO)5(bpy* )(py)-AIMCM-41 [Re!(CO)53(bpy)(py)I*"-AIMCM-41

Photoinduced

charge-carrier generation
charge-carrier
trapping

Re!(CO)5(bpy)(py)- AIMCM-41*+ HO —— "OH+ OH+H" + 1/2H, + 1/20, + ¢

CO, +2 H' +2¢/AIMCM-41 —3—3—3  CO + H,0 or HCOOH/AIMCM-41

Scheme5 Photocatalytic activation mechanism of CO, under visible light irradiation
using [Re(CO)s(bpy) (py)]*

The use of high pressure photocatalysis resulted in greater turnover num-
ber for photocatalytic reduction of CO; to CO with Re(bpy)(CO)3;Cl and
[Re(bpy)(CO)3(POiPr);]*, in addition to greater catalyst stability [97, 98]. For
example, for sacrificial quenching in DMF solution the former exhibited 5.1
times the turnover number at normal pressure (0.1 Pa) using a pressure of
2.45 Pa of CO,. The latter showed a 3.8 times increase at 3.8 Pa.

A study involving the photocatalytic properties of two series of complexes
of the type Re(diimine)(CO)3X was conducted, where the diimine was sub-
stituted a bpy or phen or other related ligands, and X was CI, CN and other
common pseudohalides. It demonstrated that all the complexes that exhibited
luminescence were capable of CO, reduction under nonaqueous conditions
using sacrificial quenching [99]. No clear correlation of activity with struc-
ture was discerned; however it was clearly demonstrated that this extended
class of materials has a great potential for photocatalytic CO, reduction. Of
note is that Tc(bpy)(CO);Cl also is emissive, and is a photocatalyst.

Although not directly a photochemical study, Gibson and co-workers [100]
have prepared or isolated a number of species that could be interme-
diates in the photocatalytic CO, reduction to CO or formate, including
Re(dmbpy)(CO)3X (dmbpy is 4,4'-dimethyl bipyridine and X is COOH,
CHO, OH) and dimeric complexes such as the bicarbonato-bridged complex
[Re(dmbpy)(CO)3](OCO2)[Re(dmbpy)(CO)3], the hydrido bridged speices
[Re(dmbpy)(CO)3],(H)[Otf], the CO, bridged complex [Re(dmbpy)(CO);]
(CO2)[Re(dmbpy](CO)3]. It is suggested that the reactions of Re(dmbpy)
(CO)3(COOH) could yield CO and formate by parallel paths, one forming
Re(dmpby)(CO)4* that subsequently releases CO, and one giving Re(dmbpy)
(CO)3CHO that is the source of formate.

6.9
Bioinorganic Applications

Rhenium carbonyl complexes were used as probes in biological systems. Pho-
toexcitation of [Re(phen)(CO)3;(H83)]* AzM?* and [Re(phen)(CO)3(H107)]*
AzM** (Az = Pseudomonas aeruginosa azurin; M = Cu or Zn) in the
presence of the oxidative quencher, Co(NHj3)sCl, resulted in the formation
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Fig.21 Imidazole tetrafluorobenzene ligands

of tryptophan and tyrosyl radicals in the protein and their presence was
verified by EPR spectroscopy [101]. [Re(4,7 — (CH3),phen)(CO)sL,]* and
[Re(4,7 — (CH3)2phen)(CO)3Ly]*, where L, and Ly, are shown in Fig. 21, bind
in the active site of nitric oxidase synthase truncated at residue 114 [102].

Such molecules that invade the active site of the enzyme may provide
a means of inhibiting electron transfer from the reductase to the oxyge-
nase domain. [Re(diimine)(CO)3L.4.]* complexes, where L. ., are shown
in Fig. 21; diimine = phen, 3,4,7,8-(CH3)4phen, 2,9-(CH3);-4,7-Ph;phen and
dipyrido[3,2-f:2/,3’-h]quinoxaline, contain the ligand L with the coordinating
pyridine linked to biotin. Biotin binds to the protein avidin and upon bind-
ing enhanced the emission of the rhenium chromophore; hence, the complex
served as a recorder for the presence of avidin [39].

An interesting use of Re(bpy)(CO)3CN as an excited state oxidant of fluo-
rotyrosines (substituted at a number of positions) was published emphasizing
the driving force dependence of the reaction using a Marcus analysis (see
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transient detection section). The fluorotyrosines are presented as powerful
probes of charge transport properties in enzymes [68].

Although not necessarily involving photoactive complexes, a variety of ap-
proaches have been used to design radiopharmaceuticals for imaging central
nervous system receptors. Ultimately, such studies are an important exten-
sion of photochemical applications of Re complexes since the design of ra-
diopharmaceuticals that luminescence (for detection) and are therapeutic (by
radiation) is a topic of current interest [19]. Re complexes are usually studied
prior to the preparation of Tc derivatives since their chemistries are so simi-
lar, although the use of Re isotopes for therapy is also possible.

Rhenium tricarbonyl complexes containing, substituted cyclopentadienyl
ligands, dithioether ligands and tridentate ligands derived from arylpiper-
azines were synthesized as models for similar {99’”TC(CO)3}+ complexes.
(Fig. 22) Complexes A showed high uptake in the brains of Wistar rats
and underwent fast blood clearance. Autoradiographic studies indicated
binding to 5-HT;4 and adrenergic receptors [103]. {Re(CO)3}* complexes
bonded to dithioether ligands, B in Fig. 22, served as good representatives
of {*"Tc(CO)3}* which were subjected to biodistribution studies in rats.
The low molecular weight, neutral complexes showed brain uptake; a more
hydrophilic and an anionic complex exhibited only low brain uptake [104].
Thirteen tridentate arylpiperazine ligands of the form shown in Fig. 22 were

R=Ph
R = CH,CH,OH

R = CH,COOCH,Ph
O(CH,)4N(CH;), R = CH,CO-NHCH,COOCH,Ph
R = CH,COOCH,Ph

A B
B CO
Ph

oc ® 2 /\/\N/\P ; e/“m

& 2 \\\

OC\\\I'73\"P\/ th
oc Br
C

Fig.23 Rhenium Complexes used in Cancer Studies
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synthesized and coordinated to {Re(CO)3 }* yielding C as scaffolds for poten-
tial use as pharmacologically specific radiopharmaceuticals. These tridentate
chelating ligands form libraries that can be radiolabeled with radioisotopes
of Tc and Re [105]. In addition, an umbrella ligand with boron as the cen-
tral atom (D) connected to {Re(CO)s3 }* were reported [106]. Metal complexes
based on ligands containing derivatives of 1-(2 methoxy)arylpiperazine were
the focus since these components have been most often used as targets for the
5-HT14 subclass of serotonergic receptors.

Rhenium tricarbonyl complexes containing substituted cyclopentadi-
enyl and bis diphenylphosphine ligands also were investigated as anti-
cancer agents. The antiproliferative effects on breast cancer of complex A
shown in Fig. 23 were examined relative to the known active metabolite,
4-hydroxytamoxifen, and found to have a similar effect [107]. The cytotoxi-
city of five rhenium tricarbonyl bis-diphenylphosphine complexes B shown
in Fig. 23 was examined for 18 different human cancer cell lines. The tests
showed that all the complexes were active against specific tumor cell lines,
especially a line of breast and uterine cancer [108].

Metallodendrimers designed as infrared probes for immunological re-
agents were prepared by tethering {(cyclopentadienyl)Re(CO)3 } complexes
to poly(amidoamine) dendrimers. Polyethylene glycol groups were added to
improve the solubility [109]. Amplification of the IR signal was anticipated in
the CO stretching region.

6.10
Light Emitting Devices

Rhenium 2,2'-bipyridine surfactant complexes, [Re(bpy)(CO)s(L)]PFs (L
= trans-4-dodecyloxy-4'-stilbazole (Ly4), trans-4-octadecyloxy-4'-stilbazole
(Lys) and 4-(4'-dodecyloxyphenylethynyl)pyridine) (L) formed stable
Langmuir-Blodgett films which served as the emitting layer in organic
light emitting diodes (OLEDs). An OLED consisting of 25 layers with ITO
glass on the bottom and Al on top took 7V to turn-on and 18V to reach
9 cd/cm? [40]. Rhenium 2,2-bipyridine moieties were used to cap both ends
of a polyfluorene yielding {Re(bpy)(CO)s (py)-X-(py)(CO)3 (bpy)Re}** poly-
mers, where X = polyfluorene of unknown length. The polymer with and
without the Re caps were spin-coated from their solutions in CH,Cl, onto an
ITO surface previously modified with a layer of poly(styrene sulfonic acid)
doped poly(ethylenedioxythiophene). The LED was then topped with a layer
of Ca/Al. The photoluminescence (PL) and electroluminescence (EL) showed
luminescence consistent with the presence of [Re(bpy)(CO);(py)]*. Further
details about the stability and luminescence power were not given [110].

The trifunctional molecule A shown in Fig. 24 was synthesized integrat-
ing three functions needed for efficient operation of OLEDs. The molecule
contains and emissive chromophores (a Re! polypyridyl complex containing
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dipyrido[3,2-a2’,3-c]phenazine), an electron-transporting 1,3,4-oxadiazole
group, and a hole-transporting terthiophene unit. The HOMO-LUMO gap
of the complex was between that of the poly(N-vinylcarbazole) (PVK) host
polymer, a property suggesting its potential use as an OLED [41]. Further
investigation in this area should prove fruitful.

Polymers based on 1,10-phenanthroline and chlorotricarbonylrhenium(I)
were fabricated into single-layer light emitting devices. The turn-on voltage
was ~7 V with a 125 cd/m? output. The electroluminescence maximum was
broad and occurred at 700 nm [111].

One of the brightest Re containing OLEDs reported was based on either
[Re(bpy)(CO)3(L)]*, complex B shown in Fig. 24, or [Re(phen)(CO)3(L)]*,
where L = 3,5-bis(trifluoromethyl)pyrazolate (btpz) [42]. The complexes were
dopants in host materials 4,4'-dicarbazolyl-1-1'-biphenyl (CBP) and 2,2/,2"-
(1,3,5-benzenetriyl)tris[1-phenyl-1H-benzimidazole] (TBPI) and sublimable
in the 150-165 degree range for vacuum deposition. For [Re(bpy)(CO)s-
(btpz)]*, electrophosphorescence emission occurred at 530 nm at a turn-on
voltage of 6 V with luminescence power of 0.72 Im/W and luminescence of
2300 cd/m? at a current density of 100 mA/cm? [42]. Another rhenium com-
plex, Re(CO)3CIL (L = 2-(1-ethylbenzimidazol-2-yl)pyridine), was vacuum

| AN
co N~
o
oc” | \N N
F3C: \ /N ‘ /
CFs
A B

H3C. CHs

I

Ar—N N—Ar
N
OCinReZmaCO

od o Q
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Fig.24 OLED molecules
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deposited onto ITO to form an OLED, and its electroluminescence properties
were examined. The maximum output was 113 cd/m? at a 11V bias volt-
age [112]. Complex system C, also shown in Fig. 24, was examined for its
potential use as an electrochemical device. But the lack of the diimine 7 struc-
ture like bpy or phen and the low energy gap gave a poor performance [113].

6.11
Sensors

[Re(CO)3(5-COOH-bpy)Cl] was found to have potential for use as a pH
sensor. It was weakly emissive in its protonated form, while it underwent
a 10 fold luminescence increase in it’s deprotonated form. Its pK, value was
5.39 [45,114]. A sol-gel based luminescence pH sensor capable of respond-
ing over a wide range from pH 2.3-12 based on the hydrolysis product of
[Re(py — pzH)(CO);L]*, where py-pzH = 3-(pyridine-2-yl)pyrazole; L = 3-
N-(pyridine-4-methylene) (aminopropyltriethoxysilane) Fig. 25, spin-coated
onto glass slides was reported. The pH dependence was related to the pro-
tonation/deprotanation of the 3-(pyridine-2-yl)pyrazole ligand. The excited
state pK for [Re(py — pzH)(CO)3(py)]™ was 7.05 [115]. The acid-base be-
havior of [Re(bpy)(CO)3(PCA)]* and [Re(bpy)(CO)3;(PCA)Re(bpy)(CO)3]*,
PCA = 4-pyridinecarboxaldehydeazine, [Fig. 25] was opposite to the exam-
ples above. Emission increased in the presence of H" and was attributed to
protonation of one of the N atoms of the C=N-N = C— PCA ligand. The
excited state pK} was 2.7 [116].

—N \N/NH AN Etjl\o

Et

py-pzH 3-N-(pyridine-4-methylene)aminopropyl-
triethoxysilane

N o / S
PCA

Luminescence sensing was used for anion recognition [49, 117, 118]. Beer
et al. [117] reported the use of a modified 2,2'-bipyridine ligand bonded
to {Re(CO);Cl} [see Fig.26 A]. The modified bipyridine ligand contained
a macrocyclic (NH)4 cavity capped with a calix [4]arene strapped on its back.
The cavity was of sufficient size to accommodate anions. An increase in emis-

Fig.25 Proton sensor ligands
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Fig.26 Anion sensor molecules

sion was found upon addition of CI~, C;H30,7, H,PO4~ with a preference for
C,H30;,". Another more complex molecular cavity, also shown in Fig. 26 B, but
attached to the same {Re(CO)3Cl} core, was more sensitive to HSO, ™~ than other
anions. Emission in this case also increased [118]. A simpler approach was used
by Lee’s group. Re-bpy complexes of the type shown in Fig. 26 C containing
amide-type receptors served as anion binding sites. In this case emission in-
tensity was quenched in the presence of an anion series: CN~, F~, CI7, Br~, I,
CyH30,7,H,P0,47,NO3 7, and ClO4 ™. The sensitivity for CN~ and F~ was so high
that quenching of 10% was observed in 10 M CN~ and F~ [46].

Cation recognition by luminescence sensing has also been reported. As
referred to above, release and recapture of alkali and alkaline earth metal
ions for [(bpy)Re(CO)3L;]*, where L; contains an azacrown ether [63] was
controlled by light. A sensor for lanthanide ions is shown in Fig. 27. The
photoactive center was Re!(“bpy”) and its emission was quenched by the lan-
thanide ion [119].

CI(OC);Ré Re(CO),CI

Fig.27 Lanthanide sensor

7
Other Re(l) Carbonyl Complexes

The primary photolytic step upon UV photolysis of Cp*Re(CO)3, CO loss,
has been utilized to study the oxidative-addition of the putative Cp*Re(CO),
fragment in substituted benzenes. Although preparative chemistry in a gen-
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eral sense is not covered in this review, the importance of this reaction to
activation of CH, CF and CCl bonds is notable. Thus, Cp'Re(CO); (Cp’ is Cp
or Cp*) afforded oxidative addition products of the type Cp’Re(CO),(Ar)H
(Ar is CgFs or 2,3,5,6-C¢Hy) as the principal photochemical products, demon-
strating CH and activation [120]. Several minor products are produced that
are consistent with C-F activation.

Studies with chloroarenes and Cp’Re(CO)3 under UV irradiation show ox-
idative addition products derived from C — Cl bond activation. For example,
pentachlorobenzene at 350 nm yields trans-Cp’Re(CO),(Ar)Cl (Ar is 2,3,4,5-
CsCl4H) as the primary type of product [121]. Studies of di- and tri-chloro
benzenes [122] and of disubstituted dichloroarenes [123] also show C—Cl
bond activation. In the latter case, unusual directing effects were observed,
for example, a C — Cl bond across the ring from either CF; and CH3 is selec-
tively activated depending upon the system [123].

The use of photochemical dinitrogen loss has been selectively employed
in similar reactions with some notably enlightening results [124, 125]. An
early study shows that Cp*Re(CO)(L)(N;) (L is P(OEt)3, P(OMe)3, PMe,Ph)
photochemically produces trans-Cp*Re(CO)(L)(Ph)Cl under UV irradiation
in chlorobenzene, similar to the reports above [124]. However, the analo-
gous reaction of Cp*Re(CO),(N;) with 1,4-difluorobenzene, produces both
the C—H oxidative addition product Cp’Re(CO),(Ar)H (Ar is 2,5-C¢F,H3)
and the coordinated benzene product, Cp’ Re(CO),(n?-1,4-CsFoHy) [125]. The
two isomers interconvert around 213 K.

An interesting low-temperature study that directly bears on the reactivity
of the Cp’Re(CO); photofragment identifies three different isomeric pentane
adducts in the region of 163-193 K [126]. Proton NMR experiments demon-
strate that preferential binding of methylene over methyl group occurs and
that the 7%-binding mode (C - H) is preferred. Deuterium labeling studies
support these interpretations and show that H-atom binding is slightly pre-
ferred compared to D-atom binding.

The photochemistry of the nitrosyl complex Cp*Re(CO),(NO)* appears
superficially similar to the complexes above in that photolysis at wavelengths
greater than 310 nm in the presence of PPhs gives photosubstitution of CO.
The kinetics of product formation for Cp*Re(CO)(PPh3)(NO)* exhibit isos-
bestic behavior during the early phases of the reaction [127]. Despite this
behavior, the low energy transitions in the 320-380 nm range are assigned as
metal to nitrosyl charge transfer. Interestingly a weak emission is observed
in the solid (570 nm), but not in solution. This is probably the only M to NO
charge transfer emission reported.

In a complimentary study, Bitterwolf [128], examined the photochemistry
in a triethyloctylammonium hexafluorophosphate matrix at ca. 90K by IR
spectroscopy. Irradiation >450 nm did not yield products; however, an ir-
radiation wavelength of 400 nm led to a mixture of linkage isomers of Re-NO,
i.e., in addition to the N-bound form, the O-bound and side-bound (1?) prod-
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ucts were observed. This is clearly a fascinating system from a fundamental
point-of-view apparently exhibiting emission and possibly, two or more types
of photoreactions.
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Abstract This review provides an overview of research since the year 2000 relating to
photochemical and photophysical processes involving complexes of osmium. The re-
view is broken into four focus subjects. The photophysical investigations of Os(II) imine
complexes and other classical transition metal complexes is presented, including a brief
discussion of theoretical approaches to understanding electronic structure. An overview
of light induced energy and electron transfer reactions involving Os complexes is also
covered. Photoreactions of organometallic Os complexes are discussed, focusing on
mechanistic aspects of metal-metal cleavage in diosmium and triosmium carbonyl com-
plexes. Finally, reports of applications of Os complexes to sensors, dye sensitized solar
cells, electroluminescent devices, and biological systems are presented.

Keywords Bipyridyl - Energy transfer - Osmium complexes - Osmium photochemistry -
Osmium photophysics - Photosubstitution - Terpyridyl



102 D. Kumaresan et al.

1
Introduction and Scope

This article is intended to review the published work on the photochemistry
and photophysics of osmium complexes that has appeared in the literature
over the past several years. We have attempted to cover, albeit somewhat
selectively, literature dating back to the year 2000. A variety of reviews per-
taining to particular aspects of osmium photophysics and photochemistry
were published prior to 2000. A few reviews discuss the photophysical behav-
ior of primarily monometallic Os complexes in solution [1, 2]. Several earlier
reviews discuss light induced energy and electron transfer reactions involving
osmium complexes; in much of this work the Os complex is not the chro-
mophore [3-6]. Finally, one review exists discussing the photochemistry of
Os carbonyl complexes [7].

In examining the published work in this area over the past 5 years, searches
were done using Chemical Abstracts SciFinder and SCOPUS. The searches
cover work published through October 2006. From the results, manuscripts
were grouped into the divisions that appear in this article. There was a signifi-
cant body of work discussing the photophysical and photochemical behavior
of osmium imine complexes, expanding and refining work published in the
1980s and 1990s. By far the most active area since 2000 has been studies of
photoinduced intramolecular energy and electron transfer reactions involv-
ing Os complexes. The photochemistry of a variety of organometallic species
was also reported. Finally, osmium complexes have been used in a variety of
applications ranging from DNA sensing to sensitization of dye sensitized so-
lar cells. This review is not, nor is it intended to be, comprehensive. Our hope
is that we have managed to present examples of the majority of systems in-
volving interaction of light with osmium complexes, and that this review may
serve as a starting point for persons interested in particular areas of osmium
photochemistry. Ligands other than those typically described in textbooks of
inorganic chemistry are gathered in Scheme 1 and are organized alphabeti-
cally by the acronyms presented in the text.

2
Classical Transition Metal Complexes of Os

2.1

Complexes with Imine Ligands

The photophysical behavior of the parent complex of this series, [Os(bpy)s]**
(bpy = 2,2'-bipyridine) has been thoroughly investigated by Meyer, Sutin,
Yersin, and others, predominantly in the 1980s [8-11]. They established the
relationship between the photophysics of Ru(II) diimine and Os(II) diimine
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complexes, illustrating that the emissive excited state is Os to diimine metal-
to-ligand charge transfer (MLCT) in character. Luminescence from Os(II)
complexes is generally at lower energy than that from the related Ru(II) com-
plexes, in part due to the significantly more negative one-electron oxidation
potential of the Os(II) complexes. Earlier work also demonstrated that the
excited state lifetimes of Os(II) diimines are generally shorter than those of
the corresponding Ru(II) complexes and explained this through spin-orbit
coupling and energy gap considerations.
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Terpyridyl complexes of Ru(II) generally have MLCT states with very short
excited state lifetimes [12]. Relaxation is via thermally activated population
of a ligand field (LF) excited state that decays rapidly to the ground state.
In recent work of Benniston and Harriman, thermally activated nonradiative
relaxation was examined for [Os(tpy),]** (tpy = 2,2',6',2"-terpyridine) and
an ethynylated terpyridyl derivative, [Os(ey — tpy)2]?*. For the tpy complex
they observed two states accessible by thermal activation: one, believed to be
a higher lying MLCT state 640 cm™! above the ground state and the other,
a LF state 3500 cm™" higher in energy than the ground state. Surprisingly, they
found that the ey-tpy derivative had a much smaller barrier for population of
the LF state [13].

Other recent work on the temperature dependence of the luminescence be-
havior of Os(II) diimine complexes was reported by Ogawa and coworkers in
the investigation of [Os(bpy)2(4,4'-dcbpy)] and [Os(bpy)2(3,5-dcbpy)], where
4,4'-dcbpy = 4,4'-dicarboxy-2,2'-bipyridine and 3,5-dcbpy = 3,5-dicarboxy-
2,2'-bipyridine. The 4,4'-dcbpy complex exhibited a decrease in the lumines-
cence lifetime with increasing temperature and had an activation barrier of
approximately 350 cm™!. The luminescence lifetime of the 3,5-dcbpy complex,
however, increased with increasing temperature. This surprising observation
remains unexplained [14].

Interligand electron transfer dynamics in the MLCT excited state of
[Os(bpy)3]2+ and other mixed ligand Os(II) complexes has been examined by
Papanikolas et al. using femtosecond spectroscopy [15-17]. They used polar-
ization anisotropy measurements following excitation at various wavelengths
(different levels of the potential energy manifold). Figure 1 illustrates that ex-
citation is into both the singlet and triplet MLCT manifolds and that vertical
excitation could result in population of different surfaces, corresponding to dif-
ferent degrees of ligand localization of the MLCT state in both the singlet and
triplet manifolds. Upon excitation into the lower energy portion of the direct
absorption into the *MLCT state, the excitation energy appears to be partially
localized and the timescale for hopping from one ligand to another is on the
order of 9 ps. Excitation higher into the >MLCT manifold results in energy
dissipation in part into solvent vibrational modes, and the complex remains
vibrationally cold. Excitation into the red edge of the \MLCT transition results
in subpicosecond intersystem crossing, vibrational cooling of the vibrationally
excited >MLCT state on the order of 16 ps, and interligand energy migration on
the 4-5 ps timescale. The results of this work contrast with those of an earlier
report of interligand energy migration in [Os(bpy)3]2+ [18].

The lower energy luminescence of Os(II) complexes relative to the
corresponding Ru(II) complexes has led to a number of studies seeking
complexes that absorb throughout the visible (black chromophores) and
have emissive excited states in the near-infrared. Kol and Barigelletti re-
ported the photophysical properties of Os(II) complexes of eilatin (eil,
Scheme 1) and isoeilatin (ieil) bis-phenanthroline derivatives. The eil com-
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Fig.1 Potential energy surfaces of the 'MLCT and >MLCT states of [Os(bpy)s]>* for
a model in which the excitation can be localized on a single bipyridine [16]

plex [Os(eil)3]** exhibits near-infrared emission at 1060 nm with a very low
luminescence quantum yield. The ieil complexes studied, [Os(bpy)z(ieil)]2+
and [{Os(bpy); }2{1-ieil}]**, absorb throughout the visible, and thus appear
as nearly black chromophores. Only the monometallic complex is lumines-
cent with a maximum of 1240 nm. The emission was too weak for lumines-
cence lifetimes to be obtained for these complexes [19-21].

The synthesis and near-infrared photoluminescence of [Os(bpy)2(3,8-
diarylethynyl-1,10-phenanthroline)]** complexes (AEphen; A = methoxy-
phenyl, biphenyl, nitrophenyl) have recently been reported. These phenan-
throline complexes exhibit emission in the 790-830 nm region. The nitro-
phenylethynyl derivative exhibits no room temperature luminescence, pre-
sumably because of intramolecular electron transfer quenching [22].

A bimetallic Os(II) complex of the macrocyclic ligand MAC1 (Scheme 2)
was prepared and characterized by Venturi et al. Each Os(II) center of the
complex has a [(bpy),0s(II)] fragment attached to one of the bipyridyl units
of MACL1. The complex has absorption and luminescence behavior reasonably
similar to that of [Os(bpy)3]** with an absorption maximum of 488 nm and
emission with a maximum of 740 nm (zgr = 59 ns, ¢rr = 0.003). The complex
may be used in the development of supramolecular assemblies [23].

Chirboli, Scandola, Campagna, and McDonnell have examined bimetallic
Os complexes having the bridging ligand 9,11,20,22-tetraazatetrapyrido[3,2-
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a:2',3'-c:3",2"-1:2" 3" -n]pentacene (tatpp, Scheme 2). The complex pre-
pared, [(phen), Os(tatpp)Os(phen)z]‘Pr (phen = 1,10-phenanthroline), has
absorption and redox characteristics similar to the tris-phenanthroline com-
plex, except the one-electron reduction of the tatpp ligand is very low (near
0V vs SCE). The complex is nonluminescent in solution at room temperature
and the photophysical behavior was examined using transient absorption
spectroscopy. The excited bimetallic complex has a lifetime of approximately
60 ps at room temperature. The authors were able to conclude that, while the
bimetallic Ru(II) complex has a ligand centered excited state, the Os(II) dimer
has an Os to bridging ligand MLCT excited state [24].

A number of bimetallic Os(II) imine complexes have been prepared with
a variety of bridging ligands (BL). Often these complexes are reported along
with mixed metal Ru(II)(BL)Os(II) systems in which energy transfer from
the Ru(Il) imine complex to the Os(II) complex is examined. The mixed
metal complexes are reviewed in Sect. 3, and structures of bridging ligands
are shown in Scheme 2. A typical example is from the work of Juris et al., in
which a set of complexes of this type was prepared using spirohexane linked
bis-phenanthroline ligands as bridging ligand [25].

An active area of research in transition metal complex photophysics has
been the preparation of complexes exhibiting blue or green phosphorescence
with high quantum yields for emission, for potential application in electro-
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luminescent devices. Recent work on Os(II) imine complexes has yielded
some interesting results, particularly with mixed imine carbonyl complexes.
Collected luminescence maxima and quantum yields are presented in Table 1.
One example comes from the work of Wu et al. on the preparation and pho-
tophysical investigation of complexes of the pyridylpyrazolate ligand fppz
(Scheme 1). The structure of the neutral complex [Os(fppz)2(CO),] shown in
Fig. 2 demonstrates the two pyrazoyl substituents are cis to one another. The
complex exhibits structured emission in solution at room temperature from
a ligand localized w-* state with maxima at 430, 457, and 480 nm, an emis-
sion quantum yield of 0.14, and an excited state lifetime of over 18 ps [26].
The blue phosphorescence, high quantum yield, and absence of charge on the
complex make this complex potentially attractive for organic light-emitting
diode (OLED) applications.

More recently, this group has published a very elegant examination
of related Os(II) complexes that exhibit significant luminescence solva-
tochromism. Starting with [Os(fppz),(CO),], it was demonstrated that one of
the CO ligands could be substituted with a variety of substituted pyridines.
For complexes having pyridazine (pdz), 4,4-bipyridine (4,4'-bpy), or 4-
cyanopyridine (CNpy) as the substituting ligands, luminescence was ob-
served in the green to red, depending on solvent, with emission quantum
yields of a few percent and lifetimes typically in the tens of nanoseconds.
Density functional studies of the complexes indicated the excited state had
significant fppz to L (CNpy, 4,4'-bpy, pdz) character and that it was this large
charge displacement that gave rise to the solvatochromism. A few of these
complexes are included in Table 1 [27].

Table 1 Room temperature (RT) photophysical properties of mixed imine/carbonyl com-
plexes of Os(II)

Complex AbS Amax, Amax> RT em,  Tem, RT, @em, RT Refs.

nmP nm s
[Os(fppz)2(CO),] 430, 457, 480 18 0.14 [26]
[0s(fppz)2(CO)(pdz)]® 396, 420 654 0.086  0.01 [27]
[Os(fppz),(CO)(CNpy)]? 389, 429 710 0.004 0.001 [27]
[Os(bpy)(CO)(1),] 350, 404 606 0.239 0.15 [28]
[0s(dbbpy)(CO)2(I)2] 350, 390 583 0.025  0.02 [28]
[Os(dpphen)(CO),(I)2] 327, 395 604 0.556  0.39 [28]
[0s(pboz)(CO)(1),] 325, 421 650 0.295  0.02 [28]
[Os(dbpboz)(CO),(I);] 338, 354 640 0.083  0.02 [28]
4 In CH;CN

b Absorption spectra also have lower energy bands with lower absorptivity
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Fig.2 X-ray structure of [Os(fppz),(CO),] [26]

This group has also examined the photophysical behavior of [Os(N —N)
(CO)211] (N —N = bpy, dpphen, and a pyridyl benzoxazole, pboz). The struc-
ture of the dpphen complex is shown in Fig. 3, illustrating that the iodide
ligands are trans to one another [28]. The complexes all luminesce in the
red and a few have high emission yields. The authors carried out time de-
pendent density functional calculations on the systems (B3LYP/LANL2DZ)
and concluded that the emitting excited state has both MLCT and halide-to-
ligand (XLCT) character. Some of the complexes were used in the fabrication
of OLEDs. Other citations to the elegant work of this group can be found in
these manuscripts.

Recent work also has focused on theoretical investigations of the electronic
structure and electronic transitions of Os(II) imine complexes. Baranovskii
and Lyubimova have employed ab initio methods to obtain vibrational fre-
quencies and distortions following excitation to determine rate constants for
nonradiative transitions of complexes having MLCT excited states [29].

While the majority of recent research has focused on understanding
or optimizing photophysical behavior of Os(II) complexes, some work in-
volving net photochemical change or photoreactions has also been done.
Few examples exist in the literature of photoinduced linkage isomerism of
metal complexes and those largely involve multidentate ligands. Recently,
Rack and coworkers reported photoisomerization of coordinated DMSO in
[Os(bpy)z(DMSO)z]2+ [30]. Each DMSO is S bound in the Os(II) complex,
but undergoes S to O isomerization upon one-electron oxidation of the Os
complex and upon irradiation of the complex. While the S bound Os(II) com-
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Fig.3 X-ray structure of [Os(CO),(I),(dpphen)] [28]

plex is luminescent, photoisomerization is observed to occur (Pisom = 0.04)
on the subnanosecond timescale. Figure 4 shows absorption spectra of the
starting S,S complex and the photoproduct S,0 complex, as well as the emis-
sion spectrum of the S,S complex. Isomerism beyond the S,0 complex does
not occur and thermal relaxation to the more stable S,S complex occurs over
several hours at elevated temperatures. Interestingly, the closely related com-
plex [Os(bpy),Cl(DMSO)]* does not exhibit photoisomerism.

Upon investigation of the carbonyl complex trans-(Cl)-[Os(bpy)(CO),Cl,],
Hartl and coworkers observed that photoirradiation in acetonitrile with
A >=320nm light gives rise to substitution of a CO ligand, with the for-
mation of trans-(Cl)-[Os(bpy)(CO)(CH3CN)Cl,] [31]. Carbonyl loss is also
observed upon one-electron oxidation of the trans-(Cl) dicarbonyl complex
in acetonitrile. Electrochemical oxidation in noncoordinating solvents does
not lead to CO loss. The mono-solvento photoproduct is stable to further
ligand loss.

The photostability of Os(II) bipyridyl complexes with covalently attached
hydroquinone was investigated by Keyes and coworkers. In the complex
[Os(bpy),(bbhq)]* (Scheme 1) the Os(II) center is coordinated to one ligand
nitrogen and one of the oxygens of the central hydroquinone. The complex
has an Os to bpy MLCT absorption with a maximum of 493 nm, but is non-
luminescent. Photolysis in acetonitrile in the presence of excess Cl~ did not
yield any measurable photodegradation [32].
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Fig.4 Absorption and luminescence spectra of [Os(bpy),(DMS0),]%*. Spectra shown are
for the starting S,S bound bis-DMSO and the photoproduct S,0 bound bis-DMSO. The
inset shows the luminescence decay of the S,S complex [30]

Photosensitized generation of singlet oxygen from ruthenium(II) and os-
mium(II) bipyridyl complexes has been reported by Abdel-Shafi and co-
workers. The work reports oxygen quenching rate constants for a var-
iety of complexes and discusses the relationship between the excited state
and redox characteristics of the chromophores and the overall efficien-
cies for producing singlet oxygen. Os(II) chromophores examined include
[0s(bpy)3]%*, [Os(bpy)2(CO)Cl]*, and [Os(bpy),(CH3CN)CI]*. One key ob-
servation is that rate constants for singlet oxygen formation for Os(II) com-
plexes are faster than rate constants for the corresponding Ru(II) complexes,
possibly due to differences in spin-orbit coupling between the two metal
centers [33].

Photoinduced and chemical oxidation of coordinated imines to amides
in isomeric osmium(II) complexes of N-arylpyridine-2-carboxaldimines has
been studied by Ghosh and coworkers [34]. The complexes [Os(Br),(Rimpy);]
(Scheme 1) were prepared and characterized structurally, indicating the
pyridines of the two Rimpy ligands are trans to one another and the bro-
mides are cis. Broadband photolysis of the complex in aerated acetonitrile
resulted in oxidation of one Rimpy ligand to yield the RimOpy ligand and
oxidation of the osmium to Os(III). The overall yield of the photochemical
process is reported to be greater than 95%. The authors propose a mech-
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anism involving electron transfer from the excited state of the complex to
oxygen and subsequent attack of the superoxide on the ligand imine carbon
to make an Os(III) peroxo intermediate that eliminates a hydroxyl radical to
yield [Os(III)(Br)2 (Rimpy)(RimOpy)].

2.2
Other Classical Transition Metal Complexes

The photorelease of nitrogen monoxide (NO) from pentacyanonitrosyl co-
ordination compounds of trivalent Fe, Ru, and Os (Eq. 1) was reported by
Videla, Braslavsky, and Olabe.

[0s(CN)s(NO)]2~ 2% [0s(CN)s(OH,)]* + NO (1)

The work reports wavelength dependent quantum yields for the photoreac-
tion and photosubstitution yields for the Os(III) complex are much lower
than those of the iron or ruthenium analogs. The authors also report that the
complexes exhibit weak luminescence in the green; the Os(III) complex has
a reported emission yield of 0.008 [35].

Taube and coworkers prepared n°®-arene Os(II) complexes with the ligands
tmtacn, tacn, and triammine completing the coordination sphere (tmtacn
= 1,4,7-trimethyl-1,4,7-triazacyclononane; tacn = 1,4,7-triazacyclononane).
Photolysis of the [(n°-arene)Os(II)(tacn)] complexes in acetonitrile results
in clean conversion to the [(CH3CN)3Os(II)(tacn)] complex. The photolyses
were carried out in the presence of biphenyl, a strong absorber of 254-nm
light, to screen the photoproduct from photolysis. Interestingly, the tmtacn
complexes proved to be photostable when the arene is p-cymene and the
photosubstitution takes place much more slowly for the benzene complex,
[(benzene)Os(II)(tmacn)], relative to the unmethylated tacn complex. While
quantum yields were not reported for the process, the qualitative effect was
large. The observed difference in reactivity was attributed to steric effects and
this contention was supported by the fact that the [(n°-arene)Os(II)(NH3)3]
complexes readily substituted upon photolysis in acetonitrile [36].

As alast example of work on non-imine coordination complex photochem-
istry, Coppens and coworkers observed crystallographic evidence for side-on
coordination of N to a single Os center in a photoinduced metastable state.
Irradiating crystals of the complex [(NH3)s0s(N3)], they noted a decrease
in the infrared stretch associated with coordinated N,, which could reason-
ably be explained as linkage isomerism of the N to a side-on coordination.
At low temperatures, thermal conversion back to the end-on coordination
isomer is slowed, allowing photochemical conversion of the end-on complex
to the metastable side-on complex. Through very elegant X-ray crystallo-
graphic analysis the authors were able to obtain a difference electron density
map, and thus a structure of the side-on dinitrogen. Figure 5 shows the
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Fig.5 X-ray structures of end-on and side-bound N3 in [Os(NH3)5(N3)]%* [37]

structures obtained for the starting complex and the metastable photolysis
product [37].

3
Energy and Electron Transfer Reactions

Over the past 5 years there has been a tremendous amount of work exam-
ining intramolecular energy and electron transfer reactions involving Os(II)
and Os(III) diimine complexes. Several themes run through the work and
in much of the work the Os center serves as the energy or electron accep-
tor, particularly in systems involving mixed Ru(II)/Os(II) or Ru(II)/Os(III)
complexes. The discussion below is broken into three sections: photoinduced
reactions involving intramolecular electron transfer, systems involving Os(II)
centers as energy acceptors, and systems in which Os(II) complexes are linked
to aromatic hydrocarbons.

3.1
Intramolecular Electron Transfer

Forster and Keyes prepared the tetrazine containing [Os(II)(BL)Os(III)]
dimer (see below) and examined light induced intramolecular electron trans-
fer in the system. They also measured heterogeneous electron transfer rate
constants for oxidation of the complex at a Pt electrode [38]. The work is
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a unique combination of thermal and photophysical measurements and the
results indicate that the photoinduced electron transfer rate constant is on
the order of 107 s7}, significantly slower than the rate constant measured for
oxidation of a monolayer of the monometallic [(BL)Os(II)(bpy)2Cl]* on a Pt
electrode.

Additional work by the Forster group, making use of transient emission
spectroscopy, probed the rate of photoinduced electron transfer between
metal centers within a novel trimeric complex {[Os(II)(bpy).(bpe)2][Os(II)
(bpy)2Cl]2 }**, where bpy is 2,2'-bipyridyl and bpe is trans-1,2-bis-(4-
pyridyl)ethylene. Transient emission experiments on the trimer, and on
[Os(bpy)z(bpe)z]zJr in which the [Os(bpy),Cl]* quenching moieties are ab-
sent, reveal that the rate of photoinduced electron transfer (PET) across
the bpe bridge is 1.3+0.1 x 108 s™!. The electron transfer is believed to be
from the peripheral Os(II)Cl metal centers to the [Os(bpy)z(bpe)z]2+ chro-
mophore. Comparison to rate constants for reduction of monolayers at a Pt
electrode reveals that the photoinduced process is significantly faster [39].

Lainé and coworkers have published several papers on triarylpyridinium
functionalized terpyridyl ligands as electron acceptors in Os(II) complex sys-
tems exhibiting photoinduced electron transfer [40-43]. The work focuses on
the issue of intramolecular reduction of the pendant triarylpyridinium moi-
ety when ligands of the type tpyXpydY (Scheme 1) are coordinated to Os(II).
In a study of [(mpt)Os(tpypyd)]** [41] the authors concluded that photore-
duction of the coordinated pyridinium is observed based on a combination of
spectroelectrochemical and nanosecond resolved transient absorption work,
but the free energy for the intramolecular electron transfer is thought to
be slightly endergonic. When the pyridinium moiety is functionalized with
a nitro substituent, photoreduction becomes clearly evident [42]; however,
the decay of the charge separated state has a component on the picosecond
timescale and a much longer component. The long component comes from
formation of a ligand localized triplet state on the nitro substituted pyri-
dinium ligand; the triplet state energy has been found by low temperature lu-
minescence spectroscopy to be very close in energy to the Os to tpy MLCT en-
ergy. Figure 6 shows a state diagram for the complexes [(mpt)Os(tpypydN)]**
and [(mpt)Os(tpyMpydN)]?*, indicating that reversible energy transfer to
populate the ligand centered state competes with electron transfer to the
lower energy charge separated state. It is found that electron transfer dom-
inates in [(mpt)Os(tpyMpde)]“, while energy transfer is dominant in the
complex lacking the methyl substituents to force an increased torsion angle
between the terpyridyl and pyridinium portions of the ligand. The relative
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Fig.6 State diagram for the complexes [(mpt)Os(tpypydN)]** and [(mpt)Os(tpyM
pydN)]?* indicating the existence of a ligand centered state that provides an energy trans-
fer path that competes with electron transfer (EnT = energy transfer; ET = electron
transfer; CSS = charge separated state; CR = charge recombination) [42]

state energies and dynamics were evaluated computationally by employing
a hybrid HF/DFT approach that served to provide an explanation for the
difference in the photophysical behavior of the complexes with and without
the conformationally directing methyl substituents (of tpyMpydN) [43]. The
spectroscopy of some of these Os(II) tpyXpyd complexes has also been ad-
dressed computationally by time dependent density functional methods [44].

Hyslop and coworkers reported an Os(II) bipyridyl carbonyl complex
(Fig. 7) covalently linked to both free base and Zn(II) tetraphenylpor-
phyrin [45]. The Os(II) chromophore, having a CO ligand, has a luminescence
maximum of 589 nm in CH,Cl, and excitation of the complex results in en-
ergy transfer to the free base porphyrin. In the mixed Os(II)/Zn(II) complex,

M=H,: Ospytpp

= Zn : OspyZntpp

Fig.7 Os(II) bipyridyl carbonyl complex covalently linked to both free base and Zn(II)
tetraphenylporphyrin [45]
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both energy transfer and electron transfer from the porphyrin to the Os(II)
complex are possible. The authors speculate that electron transfer dominates
the quenching of the Os(II) center luminescence in this preliminary report.

Also, Hossain and coworkers have reported photoinduced electron trans-
fer in mixed metal Ru/Os dyads and triads having functionalized diimide
ligands [46].

3.2
0s Complexes as Quenchers in Energy and Electron Transfer Systems

A significant amount of work has been done on complexes in which a Ru(II)
diimine complex serves as an energy donor and an Os(II) diimine complex
is the acceptor. In these systems the Ru complex emission is from a MLCT
state and, in general, energy transfer sensitized an Os complex MLCT state.
Much discussion has revolved around the question of the mechanism of the
process. Since the spin forbidden ground state to >MLCT state absorption in
Os imine complexes has significant oscillator strength (because of the large
spin-orbit coupling matrix element of Os), it is possible that energy trans-
fer is by a Forster or resonant energy transfer mechanism. However, it is also
possible that the process occurs via an electron exchange mechanism and the
significant body of work published prior to the year 2000 has focused on this
question. Much of this earlier work is cited in the more recent work reported
in this review.

In continuing studies addressing the resonance versus exchange energy
transfer mechanistic question, Keene and Ghiggino examined energy transfer
within dyads involving polypyridyl-ruthenium(II) and -osmium(II) centers
separated by rigid alicyclic bridges (Fig. 8). Their results for energy trans-
fer from the Ru(II) 3MLCT state to the >MLCT state of the Os(II) complex
(ken ~ 107 s71) could be fit assuming a Forster model for energy transfer [47].

Furue and his group studied competitive energy and electron transfer
quenching across a peptide bridge in polypyridine ruthenium(II)/osmium(II)
binuclear systems [48]. The bridging ligands, including mb-leu-bp and mb-
pro-bp (Scheme 3), have Ru(II) with either two bpy or two fmb (Scheme 1)
ligands completing the coordination environment and the accepting Os(II)
center has bipyridyl ligands.

Energy transfer rate constants for the [Ru(II)(bpy),] donor are a factor of
7-10 times faster than the complexes having [Ru(II)(fmb),] as donor. The re-
sults were fit using a Forster model and explained by the fact that the dipole
of the Ru complex MLCT state is localized toward the bridge in the [Ru(bpy);]
complex, but toward the spectator fmb ligands in the Ru(fmb), complex, giv-
ing rise to a longer energy transfer distance.

Constable and Barigelletti reported recently trimetallic OsRu, and pen-
tametallic OsRuy complexes prepared using the ligand tpOt2 (Scheme 4).
For the complexes {(tpy)Os(tpOt2)[Ru(tpy)],}** and {Os[(tpOt2)
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Fig.8 Rigidly bridged Ru diimine donor/Os diimine acceptor [47]

(Ru(tpy))2]2}1°+, room temperature luminescence measurements indicated
that nonradiative relaxation of the Ru to tpy *MLCT state (kn, > 108 s7!) is
significantly faster than energy transfer to populate the Os to tpy *MLCT
state [49, 50].

Beyeler and Belser investigated intramolecular energy migration from
Ru(II) imine chromophores to Os(II) diimines through the derivatized bi-
cyclooctyl containing bridging ligands bgb, btb, and bmb (Scheme 3). The
ligand bgb allows for control of energy or electron transfer via a redox switch
prior to excitation [51]. Figure 9 illustrates the operation of the redox switch.
When the bgb ligand is in the quinone state, electron transfer quenching oc-
curs following excitation of the Ru(II) center and no Os diimine luminescence
is observed. If the quinone is reduced to the hydroquinone the energy transfer
path to populate the emissive Os to bipyridine MLCT state is allowed and the
luminescence is observed.

Intramolecular energy transfer from Ru(II) tris-bipyridyl units to Os(II)
bipyridyl units attached to a polystyrene backbone was studied by Meyer and
coworkers [52, 53]. They observed complex kinetics and were able to account
for nearest neighbor energy transfer quenching and energy hopping between
adjacent Ru(II) donor chromophores. Energy transfer from a Ru(II) bipyridyl
chromophore to a neighboring Os(II) center was observed to occur on the
400-ps timescale. This, and related work by the North Carolina group, has
been reviewed recently and includes systems in which the Os(II) center acts as
an energy acceptor from Ru(II) bipyridyl complex donors and as an electron
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Scheme 3 Structures of bridging ligands

donor to Ru(III) centers formed by irreversible oxidative electron transfer to
an aryldiazonium ion in solution [54].

Campagna and coworkers recently reviewed energy donor/acceptor sys-
tems, including Ru complex donor/Os complex acceptor chromophores. The
review provides an overview of a number of light harvesting systems [55].

Over the past several years, energy donor/acceptor systems have been pre-
pared in which the electronic coupling of the bridging ligand is increased
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Scheme 4 Structures of bridging ligands

significantly relative to systems having saturated bridging ligands. There are
a number of bridging ligands with polyphenylene or polyphenylene ethyny-
lene moieties as the bridge. Very often, energy transfer processes are in the
picosecond time domain. In an elegant collaboration of the Ziessel and Har-
riman groups, mixed Ru/Os complexes having the bridging ligands bphb
(phenyl), bnpb (naphthalene), and banb (anthracene) (Scheme 3) were pre-
pared. The relative energy levels of the Ru(II) complex >MLCT state, the *(7-
7*) state of the aromatic component of the bridging ligand, and the *MLCT
state of the Os(II) imine chromophore are shown in Fig. 10. The authors
were able to map out energy transfer rate constants from the Ru(Il) *MLCT
state directly to the Os(II) SMLCT state for the bphb bridge (8 x 108 s71).
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Fig.9 Energy level diagram indicating redox control of Os(II) complex luminescence [51]
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Fig.10 State diagram for a Ru-aromatic hydrocarbon-Os complex bridge (Eps = the
energy gap between the donor and the spacer in the bridging ligand) [56]

The other complexes were more complicated and involved stepwise energy
transfer from the 3MLCT state of the Ru(II) chromophore to the Os(II) chro-
mophore. For the case of the banb bridging ligand, the bridge anthracene
3(m-m*) state is the lowest energy excited state and both the Ru chromophore
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and the Os center sensitize this state with rate constants in excess of 100 s71.
This work is expanded by closely related work with butadiynyl components in
the bridging ligands [56, 57].

In the case of the strongly coupled bridging ligands 2,3dpp and 2,5dpp,
Hammarstrom and coworkers found that Ru to Os energy migration was
complete within 400 fs for complexes of the type [(bpy)2 Ru(BL)OsL; 4" (BL =
bpy, big; biq = 2,2-biquinoline), a timescale that is fast relative to vibrational
relaxation of the Franck-Condon excited state [58]. However, this timescale is
comparable to that found by McCusker and coworkers for intersystem cross-
ing in [Ru(bpy);]?* and suggests the energy transfer process could actually
follow formation of the >MLCT state of the Ru(II) complex donor. More recent
work on the closely related tetrametallic complex {[(bpy),Ru(2,3dpp)]3O0s}®*
by Andersson et al. further indicates that energy migration from the Ru(II)
MLCT states to the Os(II) MLCT manifold takes place on the 60-fs timescale,
significantly faster than the intersystem crossing timescale [59, 60]. This el-
egant work was preceded by a report of the synthesis and luminescence
behavior of related mixed metal fragment 2,3dpp complexes [61].

Harriman and Ziessel recently reported the acetylide bridged bimetallic
complex [(mpt)Os(tCCb)Ru(bpy)z]4+ (tCCb shown in Scheme 4) [62]. Exci-
tation of the Ru(II) center resulted in nearly 100% efficient energy transfer to
the Os to mpt MLCT state with a rate constant of 742 x 10! s~!. Analysis of
the Forster overlap factor led to the prediction of a much lower rate constant
for resonant energy transfer and the authors concluded that the process was
dominated by an electron exchange transfer mechanism.

Bimetallic donor/acceptor systems having a Ru(II) tris-bipyridyl donor,
a polyphenylene bridge, and an Os(II) tris-bipyridine acceptor have been
studied by DeCola and coworkers [63-65]. The bridging ligands are shown
in Scheme 4 as bphxb (x =2-5). Rate constants for Ru to Os energy trans-
fer ranged from 2.5 x 10! s7! for x = 2 to 4.8 x 108 57! for x = 5. The energy
transfer process is reported to follow an exchange energy transfer mechan-
ism and the rate constant is expected to fall off exponentially with distance as
shown in Eq. 2,

ken = ko eXP(— /3(7' -10)) (2)

where rj is the contact distance of the donor and acceptor and B reflects the
magnitude of the distance dependence. The B value obtained in this work,
0.5 A~!, compares favorably with that obtained by Barigelletti for a related
polyphenylene bridged Ru/Os donor/acceptor system [66].

Another distance dependence investigation was carried out by Harriman,
Ziessel, and coworkers on [(tpy)Ru(BL)Os(tpy)]‘*Jr donor/acceptor complexes
having a bridging ligand (BL) with the structure tCC(PhCC)xt (Scheme 4,
x = 1-5). While the absolute energy transfer rate constants ranged from
1.1x108s™! for x=1to 2 x 10%s7! for x = 5, the resulting distance depen-
dence yielded a very small 8 value of 0.2 A~!. The authors comment on the
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fact that excited states localized on the bridging ligand do not seem to be in-
volved in the energy transfer process, and they suggest that systems with very
long energy transfer distances could be made using the repeating phenylene
ethynylene bridge [67].

Hong’s group examined energy transfer in [(bpy),CIRu(II)(P-BL-P)Os(II)
Cl(bpy)z]ZJr (P — BL —P =PbdP, PhtP, Scheme 4) [68]. The energy transfer rate
constants were believed to follow an exchange energy transfer mechanism; for
these complexes rate constants were on the order of 2-3 x 10° s™! at the ap-
proximate distance dependence of 0.02 A~". This is a remarkably small distance
dependence and systems of this sort should be investigated in greater detail.

Natarajan developed and characterized mono-, di-, and tetranuclear
homo/heterometallic complexes of Ru(II) and Os(II) based on the bridg-
ing ligand bis-dipyrido[3,2-a:2/,3’-c]phenazine (pqqp, Scheme 4) [69]. In
the mixed metal system, the energy transfer rate constant was found to
be 5x 107 s7!; this rate constant is nearly a factor of 100 slower than that
of a closely related system reported earlier that has tpphz as bridging lig-
and [70]. In this system, energy migration from the Ru to tpphz >MLCT state
to the Os to tpphz MLCT state exhibits complex kinetics that have been in-
terpreted as energy transfer from the promptly formed *MLCT state with
a lifetime of 18 ps and energy transfer from the relaxed >MLCT state of the
Ru chromophore with a lifetime of 13 ps. In the pqqp complex the bridging
ligand is nonplanar (can twist about a single C—C bond) and the distance
between metal centers is greater, and this is thought to contribute to the
significantly slower energy transfer rate constant.

Intramolecular energy transfer was also reported for the complexes
[(bpy),Ru(pt-mPh-pt)Os(bpy),]?* and [(bpy),Ru(pt-pPh-pt)Os(bpy),]**
(Scheme 5) [71]. In room temperature solution luminescence from both the
Ru(II) and Os(II) MLCT states was observed with energy transfer rate con-
stants of 1.5 x 108 s™! for both complexes, and, as with other complexes,
calculated rate constants for Forster energy transfer were slow relative to the
experimental values, implying some degree of exchange coupling contribut-
ing to the room temperature process.

Recent work of Benniston, Harriman, and others explores the torsion
angle dependence of intramolecular energy transfer rate constants in Ru/Os
systems having the bridging ligand tCCpOxpCCt (Scheme 5 and a re-
lated series not shown here). For the ligand tCCpO1pCCt, the authors
examined the temperature dependence of energy transfer in the complex
{[(tpy)Ru(tCCpO1pCCt)],0s}%* and found that both exchange and reson-
ance energy transfer processes were operative, with the resonance energy
transfer dominating in frozen matrices when the thermally activated ex-
change process was essentially shut down. The authors found two thermally
activated processes that they attributed to superexchange and electron hop-
ping mechanisms [72]. They were also able to systematically tune the torsion
angle between the two central phenyl residues between 37 and 94°. The
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exchange energy transfer rate constant is temperature dependent and also de-
pends on the electronic coupling through the bridging tCCpOxCCt ligand.
Electronic coupling matrix elements, extracted from temperature dependent
rate constant data, indicate that quadratic dependence on the torsion angle
is obtained with the minimum coupling being when the two central phenyl
rings are perpendicular to one another [73].

In somewhat related work of Venturi et al., the dinuclear complex
[(bpy)zRu(MACI)Os(bpy)z]‘Pr was examined (Scheme 2). Luminescence
spectral data show that the emission band of the Ru(II) unit is almost com-
pletely quenched with concomitant sensitization of the emission of the Os(II)
unit. Electronic energy transfer from the Ru(II) to the Os(II) SMLCT state
takes place by two distinct processes (ken = 2.0 x 108 and 2.2 x 107 s7! at
298 K) [74].

Another example of the conformational influence of energy transfer was
provided by Barigelletti and coworkers. Using the complex [(bpy),Ru(bC18b)
Os(bpy)z]‘“r (Scheme 5), they illustrated modulation of photoinduced en-
ergy transfer between Ru(II) and Os(II) termini by a conformational change
induced by Ba?* binding at a central macrocyclic site [75]. Upon addition
of Ba?* the Ru(II) to Os(II) energy transfer rate constant decreased from
1.1 x 108 to 4.7 x 107 s7!; the authors attribute this to a resonance energy
transfer process in which the Forster coupling decreases because of an in-
crease in the donor/acceptor separation following coordination of Ba?*.
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Jukes, DeCola, and others reported a fascinating study of competition be-
tween energy transfer and photocyclization for a dinuclear Ru/Os complex
containing a photoresponsive dithienylethene (dte) derivative as bridging lig-
and [76, 77]. By using the photochromic dte moiety incorporated into a bridg-
ing ligand, the authors were able to induce ring closure via direct irradiation
of the dithienylethene absorption, as shown in Fig. 11. In the Ru/Ru bimetallic
complex, irradiation into the Ru to bpy MLCT absorption resulted in photo-
cyclization of the dte with an efficiency paralleling that for excitation into the
dte localized absorption. However, in both the Ru/Os mixed metal complex
and the Os/Os complex, photolysis in the lower energy MLCT region resulted
in much lower quantum yields for dte cyclization because the *MLCT state of
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Fig. 11 Photocyclization of dithienylethene bridged bimetallic complexes [76,77]
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the Os center served as an energy drain, deactivating the triplet state localized
on the dte ligand.

Finally, in systems involving Ru(II) to Os(II) energy transfer, there have
been several recent examples of energy transfer between [Ru(bpy);]** and
[Os(bpy)3]2+ in single crystals of the Ru(II) complex doped with the Os(II)
complex. Ohno and collaborators measured energy transfer and electron
transfer in crystals of [OsyRuj_x(bpy)3]1Xs (x = 0-0.23) [78]. An energy trans-
fer rate constant of 2 x 10'! s7! was determined for heavily doped crystals
in which energy transfer from a Ru(II) center to an adjacent Os(II) center
is presumed; the rate constant for energy transfer to the next nearest neigh-
bor was estimated to be < 10° s7'. In an elegant extension, Yersin and Kratzer
examined energy transfer in crystals of A-Ru(bpy)3]2+/ A[Os(bpy)3]2+; the
structure is built up of homochiral layers of the Ru complex followed by ho-
mochiral layers of the Os complex. Very efficient exchange energy transfer
is observed and, at low temperatures, the emission of the Os(II) acceptor
site appears to be highly vibrationally resolved. Magnetic field effects were
also examined in some detail [79]. Chirality effects on energy transfer from
diphenylphenanthroline Ru(II) to Os(II) complexes were examined for mix-
tures of the complexes in Langmuir-Blodgett films [80].

Far fewer studies have been done of energy transfer from the Re(I)
complex *MLCT state to Os(II) complexes. Intramolecular energy trans-
fer processes in the complex [(CO)3(phen)Re(L)Os(tpy)(bpy)]3+ (L = 4,4-
bipyridine, bis-4-pyridylethane, bis-4-pyridylethylene) were reported by
Argazzi and coworkers. Along with energy transfer, the Re(I) chromophore
can be quenched by reductive electron transfer from the Os(II) complex. They
were able to determine that energy transfer was dominant and had to occur
with a rate constant greater than 5 x 107 s™! [81].

Hong et al. examined energy migration from a Re(I) complex excited state
to an Os(II) MLCT state through the bridging cumulene ligands PPC3PP and
PPC4PP (Scheme 4). The complexes, [(CO)3 ClRe(PPCxPP)Os(bpy)2]2+, both
exhibit 100% efficient energy transfer from the postulated Re(I) to phosphine
MLCT state to the Os(II) centered MLCT state [82].

33
Energy Transfer Involving Aromatic Hydrocarbon Donors/Acceptors

In some systems examined the Os(II) center is involved in energy transfer
with an excited state localized on a ligand. Very often the energy transfer
process would differ from that of the corresponding Ru(II) complex in that
the lower energy state in the Os(II) complexes is the *MLCT state. An in-
teresting example was presented by Schanze and coworkers who investigated
polythiophene polymers (poly-PT4bpy, Scheme 5) having pendant Os(II) di-
imine chromophores. In the Os(II) polymer the MLCT state is lower in energy
than the polythiophene-based *7-7* state and >MLCT emission is observed.
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The transient absorption spectrum of the Os(II) containing polymer reflects
features of the thiophene polymer triplet [83].

Prodi examined the photophysical properties of supramolecular assem-
blies containing polypyridine complexes and pyrene chromophores. Using
the complex [(bpy)zOs(bpyObpy)]2+ (Scheme 5) and pyrene-1-carboxylic
acid, the authors demonstrated that, upon addition of Zn?t, complex forma-
tion occurs in which the Zn?* links together the free bpy of the Os complex
and the carboxyl of the pyrene. Excitation of the Os(II) MLCT absorption
results in exclusive emission from the >MLCT state of the Os complex [84].

The ligand AN2bpy (Scheme 1) and the corresponding complex
[Os(AN2bpy);]?* were recently investigated by Campagna’s group, along with
other mixed pyrene/anthracene substituted bipyridines and the Ru(II) and
Os(II) complexes. In this complex the anthracene localized triplet is approxi-

(a)
0.15
0.00—»
(b)
0.054 \
0.00
AA
-0.05
(c)
0.02
0.00
l
-0.02
-0.04
350 450 550 650

Wavelength (nm)

Fig. 12 Nanosecond transient absorption spectra of the AN2bpy ligand (a), [Os(bpy)s]**
(b), and [Os(AN2bpy)3]%* (c) [85]
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mately 700 cm™! higher in energy than the Os to bpy MLCT state. While the
luminescence of the molecule is from the SMLCT state, the transient absorp-
tion spectrum, shown in Fig. 12 for the AN2bpy ligand (a), [Os(bpy)3]2Jr (b),
and [Os(Aszpy)3]2+ (c), clearly indicates that the anthracene triplet state is
populated [85].
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Fig.13 Redox state dependence of energy transfer efficiencies in a coumarin/Ru/Os triad
complex. The lower portion of the figure does not show the direct coumarin to Os com-
plex energy transfer for simplicity [87]

Two Os(II) complexes of the ligand bpyAN, [(bpy),Os(bpyAN)]** and
[(bpyAN)ZOs(CO)Cl]“, were prepared by Balazs and Schmehl [86]. The
SMLCT state of the CO chloride complex [(bpy),0s(CO)CI]?* is approxi-
mately 900 cm™' higher in energy than that of the [Os(bpy),(bpyAN)]?*.
Transient absorption spectra of the two anthracene containing complexes
show that [Os(bpy),(bpyAN)]?* has a spectrum reflecting only the *MLCT
state, while the transient absorption spectrum of [(bpyAN)ZOs(CO)Cl]ZJr
consists only of features of the anthracene.

Os(II) chromophore centers were found to serve as energy donors in the
complexes Ospytpp and OspyZntpp (Fig. 7), in which each Os(II) center has
a [(bpy)ZOs(CO)(py)]zJr environment. The 3MLCT state of the Os(II) donor
chromophore has an emission maximum of 590 nm in CH,Cl, at room tem-

energy transfer

energy transfer

Fig.14 Energy transfer cascade in self-assembling anthracene-Ru complex-Os complex
light harvesting array linked by cyclodextrins [88]
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perature, higher in energy than both the porphyrin singlet and triplet excited
states. Luminescence investigation of Ospytpp clearly indicates only weak
emission from the porphyrin singlet. The Zn porphyrin complex OspyZntpp
exhibits only very weak emission from the porphyrin. No transient absorp-
tion studies were done and so direct investigation of triplet sensitization or
photoinduced electron transfer products was not reported [45].

A few studies of singlet energy transfer from substituents on ligands to
the MLCT state of Os(II) complexes have also been reported. In the work
of Akasaka et al., bimetallic and trimetallic complexes were prepared and
studied involving coumarin as a chromophore and energy donor and Os(II)
and Ru(II) terpyridyl complexes as acceptors. As shown in Fig. 13, energy
transfer directly from the coumarin to the remote Os(II) SMLCT state occurs
when the bridging azo functionality between the Ru(II) and Os(II) centers is
reduced and luminescence is observed from the Os(II) complex [87].

In an elegant self-assembling system based on the use of cyclodex-
trin hosts, DeCola and coworkers noncovalently linked an alkylcarboxyan-
thracene to an a-cyclodextrin bearing Ru(II) complex that also had an Os(II)
bipyridyl derivative attached via noncovalent interaction with a B-cyclo-
dextrin substituent on the Ru complex (Fig. 14). The system yields an energy
transfer cascade from the photoexcited anthracene to the Ru to bpy *MLCT
state, which in turn transfers energy to the Os(II) complex *MLCT state. All
rate constants are > 103 s~! [88].

4
Photochemistry and Photophysics of Organometallic Os Complexes

Over the past few years there has been a growing body of literature on the
photophysics and photochemistry of organometallic Os complexes. A signifi-
cant portion of the literature has focused on the photochemistry and tran-
sient photophysical characterization of triosmium clusters involving Os — Os
bond homolysis. There is also a significant body of literature on CO loss from
diosmium and triosmium complexes.

4.1
0s Carbonyl Cluster M-M Cleavage

Leadbetter examined the photoreactivity of [Os3 (CO);2] in the presence of var-
ious monodentate coordinating ligands including PPhs, CH3CN, and CyHy.
With PPh; photosubstitution of CO occurs to yield the mono, bis, and tris
PPh3s complexes (stereochemistry not specified). In CH3CN the mono and bis
CH3CN complexes are formed, and in ether solutions saturated in C;Hy the
12 ethene complex is formed [89]. This photochemistry differs from that of the
corresponding Ru analog which yields products that result from Ru — Ru bond



Photochemistry and Photophysics of Coordination Compounds: Osmium 129

cleavage. Time dependent DFT calculations have been done recently which
support the notion that the Os complex has a much smaller degree of metal
centered orbital character in the lowest unoccupied orbitals [90].

Bakker and others conducted a mechanistic study of the photofragmen-
tation of the clusters [Os3(CO)jo(diene)] (diene = cis-1,3-butadiene, 1,3-
cyclohexadiene). The photolysis yields [Os(CO)s(diene)] and [Os,(CO)7]
which can be trapped with CO to yield [0s;(CO)9]. The authors report direct
observation of the open-triangle primary photoproduct having two bridg-
ing CO ligands. The intermediate was characterized with nanosecond time-
resolved infrared and UV/visible spectroscopy; the nanosecond IR spectrum
showed two new CO absorption bands at 1857 and 1801 cm! [91]. The low-
lying excited states and primary photoproducts of the clusters were further
studied by picosecond time-resolved IR spectroscopy and by density func-
tional theory. The results show a transient at 1815 cm™ forms in less than
5 ps; this gives way over a period of 20 ps to new bands at 1857 and 1801 cm™,
representing formation of a CO bridged intermediate [92].

Stufkens and Hartl observed light induced formation of zwitterions and
biradicals from the diimine clusters [Os3(CO)1o(iPr-AcPy)] and [Os3(CO)10
(dmb)] using picosecond UV/vis and nanosecond IR spectroscopies. Picosec-
ond transient spectra indicated generation of the ligand anion radical and
evolution over approximately 50 ps to a much longer lived transient that was
attributed to an opened cluster with an associated ligand on the diimine
metal. Figure 15 shows the proposed evolution of species in the photoreac-
tion [93, 94].

The photophysical and photochemical reactivity of the mixed metal clus-
ter, [OsyRu(CO)19(iPrAcPy)], was also examined by this group. Their obser-
vation is that zwitterionic products are formed preferentially for the complex
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Fig. 15 Formation of zwitterions and biradicals from the diimine clusters [Os3(CO);9(LL)]
(LL = diimine ligand) [93, 94]

having the diimine ligand on the Ru center. In addition, the lower Lewis
basicity of the Ru decreases the tendency to coordinate solvent and, as a con-
sequence, recombination times are much shorter [95]. A comparison of prod-
ucts formed on electrochemical reduction with the photochemical reactivity
was also recently reported [96].

The photochemistry of [Cp(CO),0s], has been examined recently by two
separate groups. Bitterwolf and coworkers illustrated that photolysis of the
complex in nujol at low temperature resulted in loss of CO and formation of
a triply CO bridged species (Fig. 16). In benzene solution at room tempera-

ﬂ ¢ o benzene
0c %8O o @
CO ﬁ b 3

hV matrix [Cp(CO)20s(1Cp)Os(H)(CO)]

Fig. 16 Photoreactivity of [Cp,0s,(CO)4] in frozen matrices and solution [97, 98]
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ture, photolysis leads to homolysis of the Os — Os bond and formation of the
Os-centered radical, [Cp(CO),0s"]. This radical species abstracts a hydrogen
atom from the Cp of another molecule and ultimately leads to formation of
a bimetallic complex having a bridging Cp (from the radical) [Cp(CO),Os(u-
Cp)Os(H)(CO)] [97,98]. Zhang, Bullock, and coworkers also observed pho-
tolytic C — H homolytic bond cleavage by the Os radical species. The authors
report the direct spectroscopic observation of [Cp(CO),0s’] by to isolation
of the hydrido Os complextime-resolved infrared and the to isolation of the
hydrido Os complexkinetic analysis of H atom to isolation of the hydrido
Os complextransfer from C to Os. Exhaustive photolysis in the presence of
1,4-cyclohexadiene led to isolation of the hydrido Os complex [98].

4,2
Complexes Exhibiting CO Loss

The reaction of the Os-Sb cluster Osz(u-H)(u-SbPhy)(13,n%-CeHy)(CO)g
with nitrile solvent results in loss of CO and solvent substitution to yield
Os3(1-H)(SbPhy)(12,n2-C¢H4)(CO)o (CN?Buy). Photolysis of this complex re-
sults in CO loss on the Os center having four CO ligands. The product has
an n* benzene in which all three Os centers are involved. Structural data are
provided for the complexes [99].

Ph,R PPh,

bped

Structure 3

Ultraviolet photolysis of the diphosphine complex [Os3(CO)io(bpcd)]
(bpcd, Struct. 3) yields an orthometalated hydrido triosmium complex as the
exclusive product (Fig. 17). The mechanism presumably involves initial CO
loss with subsequent coordination of one phenyl of the diphenylphosphino
unit followed by the insertion process [100].

4.3
Other Organometallic Photoreactions

In an extension of the work done on [Os3(CO);o(iPr-AcPy)] (Struct. 2),
a derivative was prepared having the ligand MV-AcPy**, where MV is
a methyl viologen derivative. The picosecond time-resolved UV/vis spectra
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Fig. 17 Products from ultraviolet photolysis of the diphosphine complex [Os3(CO)19(bpcd)]
[100]

of the complex [033(CO)10(MV—Ach)]2+ clearly illustrate electron transfer
from the cluster to the MV moiety (the characteristic spectrum of reduced
methyl viologen is observed). Also, transient spectroscopy of the one-electron
reduced complex indicates that transient behavior similar to that of the parent
complex [Os3(CO)1o(iPr-AcPy)] is observed (Fig. 14) in which M —M bond
cleavage occurs [101].
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Fig. 18 Photoreaction of the photoproduct of [Os3(CO)1o(-PPhy)] with Hg2+ to yield
a cyclic heptametallic complex [102]
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Egold and coworkers found that the product obtained by reaction of
[0s3(CO)10(-PPhy)] with Hg2+, shown in Fig. 18, produced a complex that
was light sensitive. Upon exposure to daylight, a rearrangement took place to
give the novel wheel-shaped cluster complexes [Osg(e-Hg) (1i-PPhy)2(CO)40].
This unusual CO loss photochemistry could provide the avenue for the devel-
opment of novel materials [102].

The mesityl complex [(mes)Os(C,H4)(CH3CN)] results in addition of ben-
zene when irradiated with ultraviolet light in benzene solution
(Fig. 19) [103]. Photolysis of the complex in perdeuterotoluene in frozen ma-
trices results in D atom abstraction. Photolysis of Os(VI) dioxo complexes
such as [Os(O),(Bu-salch)] (Scheme 1) with olefins yields epoxides, in one
instance with some degree of chiral selectivity [104].

(1) [CPhs]PFg
? (2) NaH ?

,O5~CNMe CoH 05~ cnme

Me Me
0,
hv/5°C/ CeHe hv/-80° C
CeDsCD;

Os~
,Os~CNMe
H'pn H-Os~CNMe

H
N—H
H

Fig.19 C-H insertion into [(mes)Os(C,H4)(CH3CN)] following photolysis in benzene
solution [103]

5
Photonic Applications of Os Complexes

5.1
Sensors and Biological Applications

The majority of Os(II) complexes exhibit weak luminescence and might
not appear to be attractive candidates for use in various sensing schemes
based on luminescence. Systems serving as oxygen sensors, including Os(II)
complexes, have recently been reviewed [105]. Nonetheless, there are a few
recent examples of applications of this sort and one recent application of
a Ru(II)/Os(II) energy transfer based sensing system.

Webber et al. have used [Os(bpy)3]2+ complex luminescence in a photolu-
minescence following electron transfer scheme for HPLC detection of amines
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of biological importance (i.e., dopamine) and catechols. The use of the Os(III)
complex as an oxidant of organics in the analyte followed by luminescence
detection of the Os(II) complex is sensitive at the nanomolar level. Despite
the fact that the [Os(bpy)3]?* luminescence has a significantly lower quantum
yield than the Ru(II) complex, the background signal is much lower because
Os(III) is a weaker oxidant and greater selectivity is achieved [106, 107].

A very interesting approach for specific immunoassays was recently re-
ported by Wang, Yang, and Tan [108]. They employed silica nanoparticles of
varying sizes with different mixtures of [Os(bpy)3]** and [Ru(bpy)3]*" incor-
porated in the particles, imparting different relative emission intensities for
the Ru and Os chromophores. The nanoparticles were then modified with ei-
ther mouse or human IgG antibodies and exposed to microspheres modified
with, for instance, anti-mouse IgG. Luminescence results revealed that the
mouse IgG nanoparticles associated specifically with the anti-mouse IgG mi-
crospheres. Further, mixtures of the microspheres modified with anti-mouse
and anti-human IgG could be distinguished because of selective doping ratios
of the nanoparticles with the Os and Ru complexes.

The complex [Os(tpy)(tact-tpy)]** was examined in detail for potential
application as a luminescence sensor. The complex emission was demon-
strated to be sensitive to Cu** and Ni** in mixed aqueous acetonitrile so-
lutions. The Ni%* complex serves as a sensor for the anions ATP, AMP, and
CI". Finally, the authors demonstrated that sol-gel silica films containing the
complex exhibited luminescence sensitive to oxygen [109].

Hong and coworkers reported an interesting macrocyclic complex consist-
ing of mixed Re(I) carbonyl chloro complexes linked through the diphos-
phine bridge (below) to Os(bpy), chromophores. Excitation of either the
Re(I) or Os(II) visible light absorbing centers resulted in luminescence from
the Os(II) diimine complex in the red. The emission was quenched to
varying degrees by association of anisole, 1,4-dimethoxybenzene, and 1,3,5-
trimethoxybenzene [110].

Use of a Ru imine complex to Os imine complex energy transfer scheme for
detection of oligonucleotide sequences was recently reported [111]. The system

PhoP—=——=——PPh,
Cl(OC)sRe Os(bpy)2
PPh; PPh,
PhoP PPh,
\
(bpy)ZOs\ /RB(CO)3C|
Pho,P—=—=——=-PPh;

Structure 4
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involves a split probe oligo detection system, in which the 3’ end of one half of
the oligo is tagged with the Os(II) complex acceptor and the 5" end of the second
half of the oligo is tagged with the Ru(II) complex donor. The two halves will
only associate with their complementary segments on a polynucleotide con-
taining the full sequence. They demonstrated that reasonably effective energy
transfer occurs for the oligonucleotide having a perfect match and minimal
energy transfer is observed if there are two mismatches in the sequence.

Brewer et al. have examined light induced DNA cleavage by a series of
complexes known to have metal-to-metal charge transfer (MMCT) excited
states. The Os containing complex {[(bpy),0s(2,3dpp)],RhCl, }°* (2,3dpp in
Scheme 4) was shown to lead to the cleavage of pUC18 DNA, converting the
supercoiled form to the nicked form cleanly, even in the absence of oxygen.
The authors propose that, for complexes of this general structural type, the
presence of a MMCT lower in energy than other, most particularly MLCT,
states is required [112].

5.2
Photovoltaic Cells

Over the past 15 years there has been a wealth of research on development and
application of transition metal complex sensitizers to the development of dye
sensitized photoelectrochemical (solar) cells (DSSCs) [113]. Charge injection
from the excited state of many sensitizers has been found to be on the sub-
picosecond timescale, and a key objective has been to identify chromophores
that absorb throughout the visible spectrum. For this reason, Os(II) complexes
appear attractive and a variety of attempts were made to make use of these
complexes in DSSCs in the 1990s [114-116]. Work has continued in this area
in recent years and representative examples are given below.

Molecular rectification by a bimetallic Ru-Os compound anchored
to nanocrystalline TiO, was reported by Kleverlaan et al. The complex
[(dcb),Ru(Cl)(bpa)Os(Cl)(bpy)2 ]** adsorbs to TiO, via the carboxylate moi-
eties of the dcb ligand and charge injection results following excitation of either
the Ru(II) or the Os(II) center. The hole created in charge injection ends up as
Os(III) (see Fig. 20), since back electron transfer from the injected electron is
slow relative to intramolecular hole migration, allowing intramolecular elec-
tron transfer from Os(II) to Ru(III) centers created upon charge injection to
dominate. DSSCs made from this bimetallic chromophore have no significant
photocurrent because recombination of the injected electron is fast relative to
reduction of the Os(III) center by the iodide reductant in the cell [117].

Vos and Bignozzi reported another Ru(II)/Os(II) donor/acceptor complex,
[(dcb)zRu(dpt)Os(bpy)z]4+, as a sensitizer for TiO, photoelectrodes. Their
work indicates that charge injection occurs from both Ru(II) and Os(II)
centered excited states, but that the resulting transient species is the thermo-
dynamic Ru(II)/Os(III) species [118].
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Ti0Q;|Ru-bpa-0s

Fig.20 Photoinduced charge injection into TiO, and subsequent hole migration to the
Os(II) center in [(dcb),Ru(Cl)(bpa)Os(Cl)(bpy),]>* [116]

The Lewis group has been active in this area for some time, and in 2001
they reported high quantum yields for sensitization of nanocrystalline TiO;
with cis-[Os(CN),(dcb),] and related derivatives [119]. The complex pro-
vided better response at long wavelengths than the leading Ru(II) complex
dye, and open circuit photovoltages and photocurrents were comparable. Fig-
ure 21 illustrates the relative external quantum efficiencies as a function of
wavelength for various sensitizers, including the Os(II) dicyano complex.

Charge injection and charge recombination dynamics have also been ex-
amined for [(dcb),0s(CN);] and [(dcb)Os(SCN); ]. Injection occurs with rate
constants > 10% s™! (probably much greater), but recombination rate con-
stants are on the microsecond timescale. Detailed analysis of the combined
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Fig.21 Wavelength dependence of the external quantum yield for various sensitizers in
dye sensitized solar cells (H,L' = 4,4’-dicarboxy-2,2’-bipyridine) [118]
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kinetic data suggests the back electron transfer is in the Marcus inverted re-
gion. They also found that iodide reduction of the Os(III) generated competed
effectively with back electron transfer for the CN complex only [120].

The photostability and photoelectrochemical behavior of a red sensi-
tive Os(II) complex, [(tct)Os(CN)3]~ (tct = 4,4',4"-tricarboxy-2,2' : 6/,2"-
terpyridine), was investigated by Argazzi et al. The complex is stable to
photosolvation in acetonitrile and methanol and, when used in DSSCs, ex-
hibits efficient photocurrent generation at wavelengths in excess of 900 nm,
comparable to the well studied [(tct)Ru(SCN)3]~ complex [121].

Os(II) complexes having phosphonic acid derivatized bipyridyl ligands
(Scheme 1) have also been studied. The phosphonic acid complexes ex-
hibit stronger adsorption to the semiconductor surface, which offers some
advantages in devices. The complexes [Os(dpb);]?*, [(dpb),Os(Cl),], and
[(dpb)20s(CN);] have been investigated by Zabri et al. [122]. The photo-
physical properties of the complexes are reported and a comparison of the
performance of DSSCs is made relative to [(dcb),Ru(SCN);]. Remarkably, ab-
sorption into the spin forbidden Os to dpb MLCT absorption resulted in high
efficiencies in the 600-700-nm spectral region.

Si(OCH,CH,),

ZnP-C 60

Structure 5

McCusker and coworkers investigated the dynamics of charge injection
into ITO/TiO, electrodes from [Os(dcb);(CN),] and [Os(dcb),(SCN),]. The
key observation from the results is that the Os(II) complexes exhibit a smaller
fraction of charge injection on the femtosecond timescale and a greater frac-
tion on the picosecond timescale. The authors suggest that this is due to
a greater portion of the charge injection coming from the thermalized *MLCT
state rather than the 'MLCT or vibrationally excited 3SMLCT states [123].

A unique approach to covalent modification of ITO electrode surfaces was
presented by Cho and coworkers. Using the complex shown, covalent attach-
ment to ITO is achieved with a siloxane linkage and the remainder of the
sensitizer consists of Cg linked to a triosmium carbonyl cluster that also links
to a tetraphenylporphyrin derivative. The work describes a photocurrent gen-
eration quantum yield of over 19% [124].
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Meyer and coworkers investigated the photophysical behavior of vinyl
containing Ru(II) and Os(II) complexes electropolymerized into the chan-
nels of silica sol-gel modified ITO electrodes. The monomeric complexes,
[Ru(vbpy)3]%* and [Os(vbpy)3]** (vbpy = 4-methyl-4’-vinyl-2,2"-bipyridine),
have excited state lifetimes of approximately 900 and 60 ns, respectively. In-
corporation into the sol-gel pores and polymerization (reductive polymer-
ization initiated at the ITO electrode) results in chromophores that exhibit
a remarkably small amount of self-quenching and have domains that reflect
relatively isolated chromophores with excited state lifetimes longer than the
solution values [125].

53
Electroluminescent Devices

A complementary application to the use of Os complexes in photovoltaic cells
is the use of luminescent Os complexes in electroluminescent devices. There
has been a significant amount of work in this area, particularly as it applies to
the development of Os complexes with high quantum yields for phosphores-
cence. A review of transition metal complexes used in OLED development was
published in 2006 by Evans et al. [126]. Another very recent review discusses
various Os(II) carbonyl complexes with diketonate, hydroxyquinolate, bipyri-
dine, and phenanthroline ligands as emitters in OLED devices [127]. A few
select examples of Os complexes in OLEDs are presented here.

Lu and coworkers have used neutral trans-bis-phosphine Os(II) complexes
as red emitters in electroluminescent cells and found their performance
to have high efficiency. The complexes trans-[Os(Ph,MeP),(fppz)], trans-
[Os(PhMe; P),(fppz)], and trans-[Os(Phy;MeP),(ptri)] (ligands: Scheme 1) all
exhibit strong emission in the red and show high electroluminescence inten-
sities in EL devices having a fluorobiphenyl derivative as hole blocker and
PVK (polyvinylcarbazole) incorporated into the Os containing layer [128].
Refinement of this work using trans-[Os(PhMe; ), (fppz)] as chromophore has
yielded OLEDs with external quantum efficiencies greater than 12% [129].

Dalton et al. reported strong electroluminescence from mixed ligand
Os(II) complexes having aryl substituted bipyridine or phenanthroline lig-
ands (Arbpy or Arphen) and bidentate phosphine ligands such as diphenyl-
phosphinoethane (dppe). The complexes, serving as dopants in a PVK layer
of the OLED, exhibited relatively pure red luminescence and external quan-
tum efficiencies of 0.6% [130, 131].

Doping of ionic electroluminescent films of [Ru(bpy)3]2Jr with
[Os(phen);]** produced single layer OLEDs with luminescence emerging
predominantly from the Os MLCT excited state, but the emission energy can
be tuned to some extent by varying the concentration of the dopant. The de-
vices prove to have better stability than devices prepared from either of the
pure complexes [132].
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Abstract Mononuclear Ir(IIT)-polyimine complexes show outstanding luminescence prop-
erties, i.e., high intensities, lifetimes in the s time range, and emission wavelengths that
can be tuned so as to cover a full range of visible colors, from blue to red. We dis-
cuss the approaches for the use of ligands that afford control on luminescence features.
Emphasis is placed on subfamilies of cyclometalated complexes, whose recent enormous
expansion is motivated by their potential for applications, including that as phosphores-
cent dopants in OLEDs fabrication. The interplay of the different excited states associated
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with the luminescence, usually of MLCT and/or LC nature, is examined and the possible
detrimental role of MC levels toward the luminescence properties is outlined. Ir(III)-
polyimine moieties can be incorporated within multicomponent arrays where they can
play as photoactive and/or electroactive units in photoinduced energy and electron trans-
fer processes. The field is reviewed with attention to the processes of light collection and
conversion into chemical energy.

Keywords Iridium complexes - Cyclometalating ligands - Phosphorescence -
Electrochemistry - Multicomponent arrays - OLEDs - Photoinduced processes

Abbreviations

AN acetonitrile

Av avidine

Bu butyl

CS charge separation

CT charge transfer

DFT density functional theory
Et ethyl

GS ground state

HSA  human serum albumin
HOMO highest occupied molecular orbital

IAA iodoacetamide
ILCT  intraligand charge transfer
ITC isothiocianate

LC ligand centered

LLCT ligand-to-ligand charge transfer
LUMO lowest unoccupied molecular orbital
LX or LL ancillary ligands

MC metal centered

MeO  metoxy

MLCT metal-to-ligand charge transfer
MLLCT metal-ligand-to-ligand charge transfer
OLED organic light-emitting diode

Pr propyl

SBLCT sigma bond-to-ligand charge transfer
t-Bu tert-butyl

Ligands - Further acronyms for ligands are indicated directly in the Figs.
acac monoanion of acetyl acetone

biptpy 4'-(4-biphenyl)-2,2':6',2"-terpyridine

bpb bianion of 1,4-bis(pyridine-2-yl)benzene

bpt monoanion of 3,5-bis(pyridine-2-yl)-1,2,4-triazole
bpy 2,2'-bipyridine

dpb 2,3-bis(2-pyridyl)benzoquinoxaline

dpp 2,3-bis(2-pyridyl)pyrazine

HAT 1,4,5,8,9,12-hexaazaphenanthrene

nala 3-(2-naphthyl)alanine

ph phenyl

phen  1,10-phenanthroline
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pic monoanion of picolinic acid

pppy  monoanion of phenyl-4,5-pinenopyridine

PPY monoanion of phenyl-pyridine (2'-phenyl-pyridine)
ppyFF  monoanion of (4',6'-difluoro)phenyl-pyridine

py pyridine
sal monoanion of N-methyl salicylimine

TBA  tetrabutylammonium

terpy  2,2:6',2"-terpyridine

tpp 2,3,5,6-tetrakis(2-pyridyl)pyrazine
tpyada 4'-(1-adamantyl)9-2,2":6',2"-terpyridine

1
Introduction

A dozen years ago, the optical properties of a very few cases of Ir(III) com-
plexes were known [1,2]. In the same period, Ru(Il)-, Os(II)- and Re(I)-
polyimine complexes, for instance, were comparatively much more popular
as a consequence of research efforts related to the theme of the interconver-
sion between light and chemical energy [3-5]. In early times, the tricationic
Ir(bpy)s>* species proved difficult to prepare, and was clearly identified only
after closely related species were studied [1, 6, 7]; bpy is 2,2’-bipyridine, Fig. 1.
At the same time, the neutral fac-Ir(ppy)s species initially appeared as a side-
product of dichloro-bridged dimers of the type [Ir(ppy).Cl], [8]; ppy is the
cyclometalating anion from Hppy, Fig. 1. Today, we witness an impressive
expansion of the literature on the luminescence of Ir(III) complexes, as illus-
trated by Fig. 2.

From this diagram, one may notice that ca. 90% of the known luminescent
Ir(III) complexes, mostly from cyclometalating ligands, have been reported
in the last 6 years. One relevant reason for this trend is related to the use
of the cyclometalated complexes for OLED fabrication [9-12], with those of
Ir(IIT) exhibiting relevant advantages with respect to complexes from other
metals [13].

N N =C N
3 H 6
bpy Hppy
]
| N SN S
_N N__~
terpy

Fig.1 Schematic structures
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Fig.2 Representative number of papers (full points) dealing with the luminescence of
iridium(III) complexes in the indicated years; updating is set at August 2006 (empty
point)

In this work, we will review the optical, and to some extent, the electro-
chemical properties, of selected subfamilies of Ir(III) complexes. This will
be done having in mind mainly (i) the actual interest in the manipulation
and tuning of the photophysical properties of complexes playing as phospho-
rescence emitters, (ii) the possible use of Ir(III) centers as templating units
for multicomponent arrays, particularly in view of charge separation (CS)
schemes for the interconversion of light and chemical energy.

2
The Ir(Ill) Metal Center and the Octahedral Coordination

The Ir(III) trication is a 5d° center and the electronic properties of its poly-
imine complexes share several features with those of other well-known octa-
hedral complexes of Fe(II) [14], Ru(II) [3], Os(II) [4], and Re(I) [5], whose
metal centers are 3d°, 4d®, 5d%, and 5d°, respectively. Figure 3 depicts use-
ful orbital and state energy diagrams for electronic transitions taking place in
polyimine complexes of such d® metal centers.

As shown in Fig. 3a, the degenerate d orbitals of the Fe(II), Ru(II), Os(II),
and Ir(III) cations are destabilized and split in an octahedral ligand field, by
an amount A. Because of the different spatial extension for 3d (Fe), 4d (Ru),
and 5d (Os and Ir) orbitals, this effect is smallest for the d orbitals with the
lowest quantum number, 3d. Of course, the amount of A depends also on the
field strength exerted by the ligands, that can be ordered along a “spectro-
chemical series” [2]. It is likely that in this series, a cyclometalated ligand like
PPY occupies a position among those causing the strongest effect. It should be
noted that in all cases discussed here, light absorption is associated with elec-
tronic transitions from the ground state (GS) to, mostly, singlet levels of vari-
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Fig.3 a d orbitals in octahedral field; b orbital description of MC, MLCT, and LC tran-
sitions; S is a substituent group capable of exerting electron withdrawing or releasing
effects (resulting in stabilization or destabilization, respectively, of the energy level of
the filled d and 7 orbitals); ¢ electronic transitions involving MC, MLCT, and LC excited
states; the MC levels are not emissive

ous nature and electronic localization, ligand centered (*LC), metal-centered
(*MC), and metal to ligand charge transfer (MLCT). In addition, ligand-
to-metal transitions (:LMCT) can in principle be involved. On the contrary,
emission is always from triplet levels, >MLCT or ’LC in nature, which ac-
tually include changeable amounts of the corresponding singlets [15]. This
is a consequence of the high spin-orbit coupling constants of the metal cen-
ters taken into account, { = 431, 1042, 3381, 3909 cm™!, for Fe, Ru, Os, and Ir,
respectively [16].

A few basic issues regarding the known luminescent behavior of d® com-
plexes from the families of Fe(II)-, Ru(II)-, and Os(II)-polyimines are shortly



148 L. Flamigni et al.

reviewed below—this will help the survey of analogous properties exhibited
by Ir(III) complexes.

(i) For Fe(Il) in an octahedral field, A (Fig. 3a) is small enough that the
lowest-lying excited state for Fe(II)-polyimine complexes is most likely
MC in nature, i.e., not emissive [14, 17], see Fig. 3c.

(ii) On the contrary, for Os(II) and Ir(III), the ligand field splitting A is
very large and the MC levels are pushed so high in energy that usually
they do not affect the emission properties. These are traceable back to
MLCT levels or LC levels, both of them being emissive. Os(II)-polyimine
complexes display low-lying MLCT levels, around 1.6 eV [4, 18]. In this
case, radiationless paths governed by the “energy-gap law” become ef-
fective [4,18], which result in a low luminescence quantum efficiency,
¢ < 0.1. By contrast, the energy content of the emitting levels for most
Ir(III)-polyimine complexes is rather high (in the range 2.1 to 3 €V, see
below), and their emission properties are practically void of complica-
tions from “energy-gap law” effects.

(iii) For Ru(II)-polyimine complexes, one usually observes MLCT emission
at around 2.1 éV [3]. However, MC levels are thermally accessible, see
Fig. 3¢, because A for the Ru(II) 4d orbitals has an intermediate value
between the Fe(II) and Os(II) (and Ir(IIT)) cases. Thus, parasitic ra-
diationless paths involving the MC levels contribute to deactivation of
the MLCT emissive level for Ru(II)-polyimine complexes. A practical
consequence is that also for this family of complexes, and apart from
remarkable exceptions [19], ¢ rarely exceeds 0.1.

The spectroscopic and electrochemical properties of the archetypical cases
of the tricationic Ir(bpy);>* and Ir(terpy),>* species, and of the neutral fac-
Ir(ppy)s species, Table 1 [1,6,8,20-25], reveal trends that will be recalled
several times in the following (terpy is 2,2":6',2"-terpyridine, Fig. 1).

In particular, along the series Ir(bpy)s;>*, Ir(terpy),®* and neutral fac-

Ir(ppy)s (keeping in mind related properties exhibited by other d® com-
plexes), one can observe that:

(1) The longest wavelength absorption peak (12,%%) moves to lower and
lower energy and the absorption intensity increases, Table 1. No-
tably, in all cases the absorption maximum does not exceed 400 nm,
while for Ru(Il)-polyimine complexes this is usually in the range
450-500 nm [3], as for the Os(II)-counterparts (in the latter case, for-
bidden transitions become apparent at even longer wavelengths) [4];
and for Fe(bpy)s**, AM2¥ is at ca. 520 nm [14].

(ii)  The emission peak (iem) follows the same trend, with the lumines-
cence quantum yield (¢) increasing dramatically along the series; the
luminescence lifetime () stays around 1-2 ps. It's worth noticing that
the energy content of the emitting level becomes lower and lower in
the series. Nevertheless, it is as high as 2.5¢eV for fac-Ir(ppy)s, re-
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markably higher than for Ru(bpy)s;%* and Os(bpy)s;?* (2.1 and 1.6 €V,
respectively).

(iii)  The electrochemical potentials (given vs. SCE in the Tables and con-
cerned text for an easier comparison) are quite different for the com-
plexes in Table 1 [1, 6, 8,20-22, 24, 25].

(iii-a) For Ir(bpy)33+, the first ligand reduction, occurring at - 1.1 V, is easier
than for the cases of both Ru(bpy);2* and Os(bpy)s%*, whose ligands
can be reduced (first step) at around - 1.3 V [16]. This is a consequence
of the larger ionic charge in the Ir(III) center. For the same reason,
the metal centered oxidation step is much more difficult in Ir(bpy);>*,
+ 2.1V, than in Ru(bpy)s;?* and Os(bpy)s*, + 1.29 and + 0.81V, re-
spectively [16]. For the latter complex, the facile oxidation is ultimately
understandable on the basis of the large spatial extension of the 5d or-
bitals [case of Os(II)] with respect to the 4d orbitals [case of Ru(II)],
implying a larger destabilization of the occupied d levels of Os(II)
upon ligand coordination, Fig. 3a.

(iii-b) For fac-Ir(ppy)s, the negative charge on the ligand causes strong o-
donation through the Ir— C bonding. This results in facile metal-
centered oxidation, + 0.77 V, and in a difficult ligand-based reduction,
-2.19V, Table 1.

3
Mononuclear Complexes of Bidentate Ligands and Isomeric Species

In early times, it was noticed that spontaneous cyclometalation occurred
upon C(3) coordination of one of the bpy ligands of the Ir-tris-bpy com-
plex, that could therefore be denoted as Ir(bpy),(bpy — C?,N’)2* [6]. This
Ir(bpy)s** species exhibits the interesting possibility of undergoing proto-
nation at the external nitrogen, a property that could be useful in view of
photocatalytic schemes [6]. The use of bpy and of the cyclometalating ppy lig-
and affords a full range of cyclometalated Ir(III) complexes, Ir(ppy)(bpy)2**,
Ir(ppy)2(bpy)*, and Ir(ppy)s, which appears to be a unique property of the
Ir(III) ion.

For the case of Ir(ppy),(bpy)*, three isomers A, B, and C, are in principle
possible, Fig. 4a. Nevertheless, it is well-established that the cyclometalating
carbons of the (C"N),Ir(N"N)* center occupy mutually cis positions, which
are in turn trans to the nitrogen atoms of the (N"N) coordinating ligand,
configuration A [1, 26].

The reasons for this outcome appear related to a so-called trans effect of
the Ir — C bonds. These induce preferential labilization of the bonds located
trans to them, which results in the stereochemical positioning of Ir — C and
Ir — N bonds trans to one another. Such an effect is clearly observed for the
stepwise reaction of Ir(acac)s with ppy [24]. Here, after the first replacement
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b)

fac-Ir(C"N)s3 mer-Ir(C"N);

Fig.4 Geometrical isomers: a A, B, C for Ir(ppy)2(bpy)* and b fac-Ir(C"N); and mer-
II‘(C/\N)_Z,

of a ppy ligand for an acac unit, the subsequent substitution steps are trans-
directed and only trans C—Ir—N bonds form until the final fac-Ir(ppy)s
complex is obtained, Fig. 4b.

A widely followed path to prepare Ir(III)-cyclometalated complexes is
based on the use of dichloro-bridged Ir(III) dimers, in turn obtained from
IrCl; and a (C"N) ligand [26, 27]. Then, one way to the desired mononuclear
complex is the treatment of the dimer with an excess of a suitable (C*N) or
(N”N) ligand. This step can be performed at moderate temperature, for in-
stance T < 150 °C, or at higher temperatures [28]. The mer isomer can be
predominantly obtained in the former case, and can be subsequently con-
verted, either thermally or photochemically, into the more stable fac isomer.
Because of the differing trans influence of phenyl and pyridyl ligands, the
mer and fac isomers exhibit slightly different structural properties: in a fac
isomer the Ir — C and Ir — N bonds have nearly identical length; for the cor-
responding mer isomer, the bonds trans to the Ir — C bond are slightly longer
than those trans to the Ir — N bonds [28, 29]. A practical consequence is that
fac and mer isomers may show different electrochemical and spectroscopic
properties [28, 30].

As early as 1991, the first extended series of fac-tris-cyclometalated com-
plexes was reported by Watts and coworkers [24]. Table 2 collects photophys-
ical and electrochemical results for these complexes [24, 31].

The ligands are 2-phenylpyridines with S-phenyl-substituted moieties.
S ranges from electron releasing to electron withdrawing groups. These
strongly affect the o-donation at the C—Ir bond, leading to perturbation
of the energy levels as schematized in Fig. 3b. The S substituents exert po-
lar and mesomeric effects, whose intensity is related to the values of the
Hammet substituent constants for para and meta substitution, o and o, re-
spectively [31]. Positive and negative values of o}, and oy, for the employed
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Table2 Spectroscopic and electrochemical properties of fac-tris-cyclometalated Ir(III)
complexes?

A ebm e [IV/ILd  pooe om!f o f
nm s \% eV
Ir(ppy)s 494 1.9 +0.77 251
Ir(5' — MeO — ppy)s 539 2.86 +055 230 +012 -0.27
Ir(4 — t- Bu—ppy)s 497 1.97 +0.66  2.50 -0.10 -0.20
Ir(4' — Pr—ppy)s 496 1.93 +0.67  2.50 -0.07 -0.15
Ir(4' — Me — ppy)3 493 1.94 +0.70 251 -0.07 -0.17
Ir(4' — MeO — ppy)3 481 2.24 +0.75  2.58 +012 -0.27
Ir(4 —F - ppy)s 468 2.04 +0.97  2.65 +0.34  +0.06
Ir(4 — F3C - ppy)s 494 2.16 +1.08 251 +043  +0.54

From [24]; the substituent positions are indicated as in the original work
Aem from measurements at 77 K in alcoholic glass

7 in Oxygen-free AN, room temperature

Potentials vs. SCE (internal reference Fc*/Fc =+ 0.41 V vs. SCE)

Energy of the emitting excited state

Hammet substitution constants for groups in meta and para positions [31]
(with respect to the position of the C — Ir bond; of course,

the effect by the pyridyl moiety should also be taken into account)

- e a0 oo

substituents, also listed in Table 2, indicate electron withdrawing and releas-
ing effects, respectively. Thus, with respect to the potential for the unsubsti-
tuted fac-Ir(ppy)s complex (Ir'V/I =+ 0.77 V) and because of the influence on
the o-donation at the C —Ir bond, the electron-withdrawing groups (positive
values or the o constants) raise the metal centered oxidation of the concerned
complex; the reverse happens for the electron-donating groups. For instance,
for S = F or CFj3, the electron withdrawing effect transmitted via the o-bonds,
looks quite consistent, with a substantial increase of the oxidation poten-
tial, + 0.97 and + 1.08 V, respectively, vs. + 0.77 V for the bare fac-Ir(ppy)s,
Table 2. This is expected to affect the energy of the emitting level, E%, con-
sistent with its MLCT nature [32, 33].

3.1
Interplay of Emissive Excited States

For the reference case of fac-Ir(ppy)s (hereafter denoted simply Ir(ppy)s), the
lowest-energy absorption is of 'MLCT nature and likewise the emission level
is recognized to be of SMLCT nature [1,6,8,20-22, 24, 25], Fig. 3c. Accord-
ing to a simple description, this implies electron promotion of one d electron
from the HOMO orbital located at the metal center to an empty 7* orbital, the
ligand LUMO, mostly centered at the pyridine ring [34]. (Actually, the phenyl
ring of ppy carries a negative charge and also the ligand localized HOMO
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orbital is likely to contribute to the molecular HOMO). Higher-lying excited
levels of >°LC nature are also present, and evidence from several studies (vide
infra) indicates that for several complexes derived from Ir(ppy)s, the energy
separation of >MLCT and LC levels might not be large—this is qualitatively
depicted in Fig. 3c. In fact, we shall see that for some cyclometalated com-
plexes discussed here, a reversal of the >MLCT-’LC energy ordering occurs.
Owing to a small energy separation between these levels, the observed lumi-
nescence quantum yield of any complex of the Ir(III)-cyclometalated family,
is best described as an admixture of luminescence efficiencies pertaining to
3SMLCT and 3LC levels [35, 36],

¢ = a¢(CT) + (1 - a)p(LC) (1)

with a predominant MLCT nature for Ir(ppy)s, a ~ 1. An assessment of the
3MLCT or >LC nature of the phosphorescence is afforded by the photophysi-
cal properties, based on the following equation,

ke

P ke + ke @
where k; and ky, are the radiative and non-radiative rate constants, respec-
tively, for deactivation of the emitting level, with v = (k; + ko) l. In the
absence of non-radiative contributions, as happens at low temperature (77 K
or lower [15]), one deals with the radiative lifetime, 7, = 1/k;.

The interesting points for complexes of bidentate cyclometalating ligands
are that:

(i) for a typical *MLCT emission like that of Ir(ppy)s, k;~2x 10°s7!

(T:~5 ps), and,

(ii) for a typical °LC emission, a much smaller k; is found.

Regarding the latter issue, it has to be noticed that for the phosphorescence
decay of isolated ligands, the values for 7, may be in the ms to sec time range
or longer [16]. For the complexes, the heavy atom effect may cause singlet-
triplet mixing to an extent that a formal >LC level exhibits 7, as short as
tenths of ws [1]. Consistent with this, we shall see later that radiative life-
times for LC emitters of the Ir(IIl)-polyimine family are 7, ~ 50 ps or larger
(kr ~ 0.2 x 10° s7! or smaller, Eq. 2).

In summary, for the complexes of bidentate cyclometalating ligands we
deal with, one can guess the >MLCT or *LC nature of the emission based
on k; ~2 or 0.2 x 10° s, respectively. Regarding the terdentate ligands (see
below), k; is usually (but not always) found to be smaller by one order of mag-
nitude and the difference between MLCT and LC emitters is less defined. Of
course, other ways for judging the >MLCT vs. ’LC nature of the emissions
are available [35]. These include (i) the profile of the luminescence spec-
trum, which is structured for 3LC emissions, and broad and unstructured
for 3MLCT ones, (ii) the rigidochromic effect, based on the fact that CT lev-
els undergo blue-shifting on passing from fluid to frozen polar solvent, while
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3LC levels are either unaffected or slightly red-shifted under the same con-
ditions, and (iii) the validity for >MLCT emissions, of a linear relationship
between emission levels and “redox” energies, AEj/; = e(Eox — Ereq) €V (e is
the elementary charge), see the equation below [3],

hvem = B+ bAE) (3)

wherein B includes several interaction terms for the 3CT species [37] and b
is ideally close to 1 unit. All these aspects have been largely treated for cases
of other metal complexes, in particular for the extensively studied Ru(II)-
polyimine derivatives [3].

3.2
Phosphorescence Tuning in Ir(lll)-Cyclometalated Complexes for OLED Applications

Ir(III) complexes of cyclometalated ligands can be employed, among other
uses, for obtaining electrogenerated chemiluminescence [38-40], as sensi-
tizers in solar cells [41], for photoinduced hydrogen production [42], and
notably as emissive dopants in organic light emitting devices, OLEDs [10-12,
43]. This is due to the remarkable excited-state properties exhibited by these
species; as seen above, for the prototypical Ir(ppy)s ¢ = 0.38 and E® = 2.5 &V
(corresponding to green emission), Table 1. In addition, regarding the use
of Ir(Ill)-cyclometalated complexes as phosphorescent dopants in OLEDs,
it has to be noticed that even if under electrical excitation both singlets
and triplet excitons are formed, with ~25 and 75% statistics [11], full con-
version of singlets to triplets occurs, owing to the heavy metal effect (as
noted above, the spin-orbit coupling constant of the Ir center is rather high,
Zre = 3909 cm™! [16]). Other remarkable advantages are related to the fact
that neutral species are more amenable to OLED fabrication processes than
charged ones, and are obviously not subject to displacement effects under
electrical fields. Finally, as it occurs also for the large families of Os(II) and
Ru(1I) d® complexes displaying *MLCT phosphorescence [3, 4], the possibil-
ity of changing the emission energy (and the electrochemical behavior) [24],
affords the fine tuning of color variance within the electrophosphorescent
devices [44]. In this respect and with reference to Fig. 3, systematic and ef-
fective approaches have been followed toward Ir(III) phosphors, so as to move
from the green (reference case of Ir(ppy)s) to the yellow and red on one
hand [35, 44], and to the blue and near UV on the other hand [45].

3.2.1
From Green to Yellow with Neutral Heteroleptic Complexes

Table 3 lists properties of the neutral (C"N),Ir(LX) complexes reported by
Thompson, Forrest and coworkers [46,47]. Figure 5a and b shows the lig-
ands; LX are the ancillary bidentate monoanionic ligands from acetyl acetone
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Fig.5 a (XL) ligands of neutral (C"*N),Ir(LX) complexes of Table 3; b (C"N) ligands of the
neutral (C"N),Ir(LX) complexes of Table 3

(acacH), picolinic acid (picH), and N-methyl salicylimine (salH). For these
complexes, the luminescence quantum yield ¢ is in the range 0.1-0.4. The
emission peak changes in the range 512-612 nm, that allows color variation
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from the green, for Ir(ppy)s, to the yellow, for Ir(thpy)s, and to the red (for
complexes of Table 3 with an emission peak larger than 600 nm).

The color variation appears roughly related to the size of the ligand, i.e.,
a more extended electronic delocalization causes a lowering of the ligand-
centered LUMO, in turn resulting in lower-lying levels both of *MLCT and
3LC nature, Fig. 3c. For (ppy).Ir(acac), the emission is ascribable to *MLCT
character, with an evaluated radiative rate constant k, = 2.1 x 10° s7\. Along
the series of Table 3, deviations in the k, value might signal substantial >LC
contributions. For instance, for the case of (thpy),Ir(acac), ky = 0.2 x 10° s71,
the same value characterizing a genuine *LC emitter like Pt(thpy), [1,48].
The only complex including a substituted aryl fragment is (tpy),Ir(acac), for
which only a weak inductive and mesomeric effect is expected from the Me
group, based on its small Hammet o constants, Table 2; tpy is tolyl-pyridine.

3.2.2
From Green to Red with Neutral Homoleptic Complexes

Table 4 lists properties of the neutral homoleptic complexes with facial geom-
etry, Ir(C"N)s3, whose ligands are illustrated in Fig. 6 [35].

The luminescence properties of this series of complexes reported by Tsub-
oyama and coworkers are similar to those of the (C"N),Ir(LX) complexes
of Table 3, with the luminescence quantum yield ¢ being in the range 0.08-
0.4. The emission peak changes are in the range 514-644 nm, which allows
a wider color variation to the red side than for the complexes gathered in

N CF3 S~
‘ _N ‘ N N
N ‘
ZS _N
_ g
— 2
Sm-thpy t-5CF5-py t-5t-py
X

flpy piq tiq
Fig.6 (C”"N) ligands of the neutral homoleptic Ir(C"N)3 complexes of Table 4
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Table 3. With reference to Eq. 1, comparison of results for the luminescence
measurements at 77 K and room temperature (r.t.) allows some assessment
of the predominant nature of the emission. Thus, the extent of the rigi-
dochromic effect, i.e., the blue shifting of the emission peak on going from
fluid to the frozen solvent, can be used to probe the CT nature of the emis-
sion [35]. For instance, the rigidochromic effect is relevant for Ir(ppy)s, and
a minor one for Ir(btp)s. This is consistent with the evaluated k; values,
Table 4, that are 2 x 10° and 0.3 x 10° s71, respectively, for the two complexes.

3.23
Systematic Tuning Approaches Leading to Blue Emission

As seen above, the approaches to Ir(III) complexes playing as luminescent
dopants in the green-yellow-red range are mainly based on the manipu-
lation/extension of the pyridine-like fragment of a cyclometalating ligand.
Useful approaches to Ir(III)-based blue emission are less obvious and have
been grouped as (a), (b), and (c) strategies by Thompson, Forrest and cowor-
kers [45] and are conveniently commented here with reference to Fig. 3.

(a) Use of electron-withdrawing substituents (S [24], Fig. 3b) at the cy-
clometalating ring, for instance fluoride [28,49,50]. This has the effect
of stabilizing the HOMO level (both from the metal and ligand orbitals)
while only slightly affecting the ligand LUMO level. As a consequence, both
the MLCT and LC transitions move to higher energy. Table 5 gathers ex-
amples of this approach for homoleptic complexes [28,49,50]. It may be
noted that the blue shifting trend of the emission is accompanied by larger
and larger [V potentials and that k; ~ 2 x 10° s, cases of Ir(3',4',5,6'-
F4 - ppy)s and Ir(3',4,6'-F3 — ppy); [50], consistent with a *MLCT nature of
the emission.

(b) Use of ancillary ligands (LL) to tune the HOMO energies of Ir(ppy)2(LL)
complexes, with the emission coming from the Ir(ppy) fragments [36, 50]; ba-
sically, an approach based on the electron perturbation of the HOMO-LUMO
energy gap, as for case (a) above. Also in this case, the major effect man-
ifests in the Ir'V/l potentials. Table 6 lists representative cases; the ligands
employed are shown in Fig. 7 [36, 50].

For some complexes, the drawn k; value is very low. For instance, for
LL = diphosphine chelate (dppe, Fig. 7), k; = 0.03 x 10° s71, suggesting a >LC
emission. Consistent with this attribution, v =32.3 us at 77K, with only
a small rigidochromic effect being observed [36]. For the cases of Table 6,
a plot of the emission (peak) energy vs. the redox energy, AE), Eq.3,
shows a satisfactory alignment, including cases of likely *LC emitters,
(tpy)2Ir(PPh,CH;),BPh; and (tpy).Ir(dppe)(CF3S03), Fig. 8 [36]. This might
be taken as an indication that >MLCT and ®LC levels are very close-lying.

(c) Replacement of the heterocyclic fragment of the (C"N) ligand with
moieties bearing higher lying LUMO than for the pyridyl ring [28, 45, 51-56].
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Fig.7 Ligands of complexes of Table 6

emission peak, eV
N
()
T

y =B + bx
B=0.19eV; b=0.73

3.1 3.2 3.3 34 3.5

AE,, (redox energy), eV

Fig.8 Correlation between redox and emission energies, Eq. 3, for the series of Table 6.
Empty points are for the 3LC emitters (tpy);Ir(PPh,CH;),BPh, and (tpy),Ir(dppe)
(CF3S03) [36]

These can be either N-pyrazolyl, triazolyl, or N-heterocyclic carbene-based
moieties, Fig. 9, and the effect is to raise the energy of both MLCT and LC
transitions.

Examples are listed in Table 7 [28, 45, 51, 52, 54, 56]. It is to be noted that in
some cases reported in this Table, the luminescence quantum yield is smaller
by ca. two orders of magnitude than for the reference Ir(ppy); complex. For
instance, for Ir(pmb)s, ¢ = 0.04, even if this complex is likely a 3MLCT emitter
(the evaluated k; = 1.8 x 10° s7!). A possible explanation for this outcome is
related to the fact that the emission level for Ir(pmb)s3 is rather high in energy,
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Fig.9 Ligands of complexes of Table 7

Aem ~ 380 nm (Table 7) [45]. With reference to Fig. 3¢, it is possible that this
results in a small >MLCT —>MC energy gap, AE, despite the fact that the en-
ergy of the >MC level is predicted to be very high for the 5d° Ir(IIT) complexes,
as for the analogous 5d° Os(II)-polyimine complexes [4]. We shall discuss the
role of MC levels in a subsequent section.

3.24
Cationic Ir(lll)-Cyclometalated Complexes

Table 8 lists spectroscopic and electrochemical properties for two series of
ionic Ir(III) complexes [57,58]. In one case one deals with monoanionic
species, TBA[Ir(ppy)2L2], with ancillary ligands L = CN™, NCS-, and NCO",
Fig. 10 [57].

The ancillary ligands modulate the oxidation and reduction potentials as
a consequence of their different ligand strength and electron-withdrawal ca-
pability toward the metal d orbitals, see Fig. 3. The overall effect goes along
the sequence CN~ > NCS™ > NCO", i.e., the highest first oxidation and eas-
iest first reduction, + 1.42 and - 1.19V vs. SCE, respectively, are observed
for Ir(ppy)2(CN),~. Accordingly, Ir(ppy)2(CN),~ results in a blue emitter,
Aem =470 nm.

A more sophisticated tuning strategy leads to the sequence of the cationic
complexes Ir(ppz — X),(N*N)*, with (N"*N) being a neutral diimine ligand,
i.e., bpy, functionalized bpy, and 2,2'-biquinoline [58], Fig. 10. For this se-
ries, the energy levels of both diimine-based LUMO and HOMO are affected,
resulting in wide variation of emission wavelength, from 625 nm to 493 nm,
Table 8. Remarkably, according to DFT calculations, the HOMO level is de-
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CN
NCS
NCO

\
= ‘ “\\\N> N N~ N~
CIr ):
Xﬁ(‘\N N = N7

vN/N\ Na v
X Y
TB (5’-t-Bu) TB (z-Bu) biq
4’-OMe OCH;
4’-Ph
4°,6’-F,

Fig.10 Mono-anionic [57] and mono-cationic [58] complexes of Table 8

scribable as metal- and ppz-centered, which gives rise to ML—diimine CT
transitions (MLLCT). Inspection of the redox properties reveals details of the
approach followed for emission tuning. For instance, the reduction potential
is = 0.95V and - 1.39 V vs. SCE for Ir(ppz),(biq)* and Ir(ppz), (bpy)*, respec-

2.6

y =B +bx
B=0.28¢eV;b=0.70

N
n
T

emission peak, eV
N
[N
T

24 26 2.8 3.0 3.2
AE,, (redox energy), eV

Fig.11 Correlation between redox and emission energies, Eq. 3, for the series of cationic
complexes of Table 8
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tively, a consequence of the more extended conjugation of biq with respect to
bpy. On the other hand, the oxidation potential is + 1.36 V and + 1.66 V vs.
SCE for Ir(ppz)2 (bpy — TB)* and Ir(ppz-F,),(bpy-TB)*, respectively, owing to
the already encountered influence of fluoride groups on the HOMO orbitals.
A good relationship holds between the emission and the redox energies, Eq. 3,
as illustrated by the plot of Fig. 11, pointing to a MLLCT nature of the emit-
ting levels.

It can be noted that the k; values for this series are in most cases one order
of magnitude smaller than those typical of cyclometalated MLCT emitters,
see Tables 5, 6 and 7 for instance. Some of these cationic Ir(ppz-X),(N"N)*
complexes were employed as phosphors in light-emitting electrochemical
cells [58].

3.3
Ir(lll) Complexes for Oxygen Sensing

Inspection of Tables 2 to 8 reveals that Ir(III) cyclometalated species are
highly luminescent in oxygen-free solvent, with luminescence quantum yields
as high as ¢~0.5 and more [59-61], and lifetimes in the range of a few ps.
In air-equilibrated solvent, a remarkable quenching effect is registered, lead-
ing to a strong reduction in luminescence features with respect to degassed
solutions—quenched ¢q and 7q values can be as much as 60 times smaller
than unquenched ¢ and t ones [59]. This effect can therefore be conveniently
exploited for oxygen-sensing devices [62, 63]. It is interesting to examine the
type of mechanism involved in such luminescence quenching. This can be
done in accord with the Stern-Volmer Eq. 4 [64] and with reference to the
kinetic scheme of Eq. 5, wherein Q and *T denote dioxygen and the Ir(III)-
based phosphorescence, respectively.

T_ ¢

= " =1+kqr[0,] (4)
Tq  9q :
N kaifr kge
T+Q = *T-Q-> products (5)
k_aife
kit ke

= 6
7 kit + ke ©
In the above equations, *T — Q is the collision associate, kg;¢f and k_gj¢r are the
rate constants for formation and break up of the collision associate, and k4, is
the rate constant for product formation from the associate [16]. Drawn values
for kq for some Ir(III) complexes are collected in Table 9 [21, 25, 59, 65-67].
Remarkably, for the A and A isomers of fac-Ir(pppy)s, kq = 2.6 x 10" M~
s7!; pppy in Fig. 12 [59]. This is a value practically coincident with the dif-
fusion constant for AN, kg &~ 2.0 x 1019 M~! s [16], which suggests that
kde > k_gifr> kq ~ kaitr» Eq. 6. This appears to be among the highest values ever
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Table 9 Rate constants for oxygen quenching of the luminescence.

5 kS 5 Eoxs Refs.
M1s! M1s! V vs. SCE
(solvent)

Ir(o — bsn), (acac) 29x%x10°  1.1x10' 0.60 +0.974 [67]
Ir(bt), (acac) 5.9 x 10° (C¢Hs) 0.86 +1.044 [67]
Ir(pq)2(acac) 7.2 x 10° 0.62 [67]
A /A~fac-Tr(pppy) 2.6x1010  2.0x101° +0.54¢40.3 [59]
Ir(terpy),>* 1-6x 10 (AN) >+ 2.4 [25, 65]
Ir(bpy)s>* 34x108  12x1010 ~1 +2.1f [21, 66]
Ir(phen),>* 2.8x108 (CH30H) ~1 [66]

a
b
<

According to Eq. 4 of text
Diffusion controlled rate constant at 25 °C, from [16]
Quantum yield of sensitized singlet dioxygen (10,) emission
4 In CH,ClL, potentials vs. SCE (adapted from [46],

according to Vscg = Vag/agel +0.04 V)
€ In AN vs. SCE [59]
f AN solvent

Fig.12 Schematic structure

reported for the luminescence quenching in transition complexes by dioxy-
gen. For comparison purposes, kq is ca. 2 x 10° M~! s7! for both Ru(bpy)s**
and Os(bpy);?*, respectively [59], in the range 0.9-6x 105M's™! for
Ir(terpy)f’r and derivatives [25,65], and in the range 2-9 x 10° M~ s7! for
some Ir(III)-cyclometalated terdentate complexes [61] (all results in AN).
This agrees well with most cases of oxygen quenching for several metal
complexes [66,68], where kq was found to be significantly lower than kgjs,
and where energy transfer was the predominant mechanism associated with
k4e, EQ. 5. For the Ir(C*N),(acac) cases listed in Table 9, the occurrence of
energy transfer, taking place with efficiencies ¢a > 0.6 in C¢Hg solvent, is
demonstrated by the observed sensitization of the 10, luminescence (the
two available excited states of the oxygen species are located at 1.6 and
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1.0eV [69]). Thus, when very high kq values are observed, it seems pos-
sible that mechanisms based on charge transfer interactions might contribute
to the overall quenching effect by dioxygen. To this occurrence, low values
for the oxidation potential appear to be a determining factor in view of
a favorable driving force toward formation of ion pairs (the reduction po-
tential for oxygen is - 0.78 vs. SCE [70]). By contrast, low kq values and
high efficiency of energy transfer are found when metal-centered oxidation
is a difficult step, as in the cases of Ir(terpy),>*, Ir(bpy)s>*, and Ir(phen),>*,
Table 9.

34
Photophysics of Ir(ppy)2(LL) Complexes Covalently Linked to Substrates

The remarkable phosphorescence properties of Ir(III)-cyclometalated species
(high luminescence quantum yield and long lifetimes, tunable emission
peak), prove of use in several areas in addition to OLED application. We only
mention here a few representative examples regarding the Ir(C"N)(N"N)*
chromophores in (a)-(c) below. For these complexes as incorporated in suit-
able materials, the emission is expected of Ir—(N"N) CT nature and the
alteration of their luminescence features can be associated to other useful
properties of the substrates.

(a) Along the series Ir(ppy)2(bpy)*, Ir(ppy)2(OAE1)*, and Ir(ppy):
(OAE2)*, Fig.13 [71], one can see the effect of a large increase of the
conjugation length of LL (N”N); the acronym OAE stands for conjugated
oligo(arylene) ethynylene ligand. This example could be representative of
what is expected upon grafting the Ir(ppy),* unit to oligomeric fragments.
Results are summarized in Table 10 [71] and the changes in k; values suggest
that on passing from LL = bpy to OAE1 and OAE2, there is a cross-over in the
nature of the emission, from MLCT to >LC (™).

Interestingly, the luminescence quantum yield is reasonably constant along
the series ¢ = 0.0310.01, an outcome ultimately ascribable to the high spin-
orbit coupling of the metal center [71].

OMe MeO
= { L )= O OAET
=~
MeO Ir(ppy) » OMe
OMe MeO
\ 7N/ N/ Y\ /- \/
MeO “ir(ppy),* OMe
OAE2

Fig. 13 Schematic structures
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Fig. 14 Schematic structures

(b) Highly efficient electroluminescent (EL) polymers have been reported
that incorporate Ir(III)-based phosphors [30,72-75]. An example of an EL
polymer is that resulting from the grafting of both Ir(IIT)-based phosphors
and charge transport (carbazole) units onto polyfluorene main chains [76],
Fig. 14.

The good EL performance of these devices results from the combination
of the emission properties of the main chain (blue side) and the Ir(III) units
(red side) and from modulation of the charge transport process by the in-
corporated carbazole units. These features are associated to a homogeneous
single-layer material, which represents an advantage against using blends and
multilayer structures that can be subject to phase separation.

(c) On the basis of consideration of possible alternatives to the use of
radioactive isotopes [77,78], Ir(C"N)(N"N)* complexes [79], and related

N R N R =NCS
N__~ N _~ R bpy-ITC; phen-ITC
N7 N7 | R =NHCOCH,I

& ‘ N bpy-IAA; phen-IAA

Fig. 15 Schematic structures

S
I
N—C=S + NH,—R —» PN
] R—NH NH—R'
o o}
I A
¢ + SH—R —— /N
7N R—NH CH,—SR
R—NH  CHyl

Scheme 1
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species [80-83], have been proposed for biological labelling purposes (and
likewise, Ru(II)- and Re(I)-polyimine derivatives [84, 85]). According to this
approach, the (N*N) ligand can be functionalized with isothiocianate (ITC)
and iodoacetamide (IAA) groups, Fig. 15 (and Scheme 1), capable of under-
going reactions with primary amine and sulfhydryl groups, respectively.

On these bases, proteins like human serum albumin (HSA) and avidin (Av)
have been labelled with such complexes. This yields bioconjugates that are
strongly luminescent and can be used for recognition purposes [79]. In
Table 10 are listed luminescence properties of some selected complexes and
related bioconjugates [79].

4
Mononuclear Complexes of Terdentate Ligands

The luminescence properties of Ir(terpy),>* have long been known [23],
Table 1. With respect to the Ir(ppy)s complex (and most of its numerous
derivatives), the luminescence quantum yield of Ir(terpy),** is lower, ¢ =
3 x 1072, even if the energy content and lifetime of the luminescent level are
quite similar, E® ~ 2.7 vs. 2.5 eV and 7 = 1.2 vs. 1.9 s, respectively. As a mat-
ter of fact, owing to the charge problem and to the lower emission intensity
with respect to most of the tris-bidentate Ir(III)-cyclometalated complexes,
the Ir(terpy),>*-type species have been devised for the building up of dyads
and triads modeling photoenergy conversion schemes and not for use in EL
devices [25, 65, 86, 87]. In this respect, Ir(terpy)f*—type units offer also the
possibility to create linear arrays with geometrically opposite photoactive and
electroactive units, e.g. electron donor (D) and acceptor (A) units. This allows
us to circumvent the well-known problem of the geometrical isomers en-
countered for tris-bidentate arrangements [88]. This can be done by attaching
suitable substituents at the 4’-position of the coordinated terpy’s [89], simi-
lar to what happens for related Ru(II) and Os(II)-terpy type complexes [88].
In a subsequent section, we will deal with examples of such arrays and of
the photoinduced processes taking place therein. Here, we restrict ourselves
to an overview of the spectroscopic and electrochemical properties of Ir(III)
complexes of (N*N”N), (N"C"N), and (C*N”C) ligands.

4.1
Terdentate (N"N”*N) Ligands

Some properties of Ir(III) complexes of (N*N”N) ligands are listed in
Table 11 [25,65,90,91]; Fig. 16 displays schematic structures of the com-
plexes. As noted above, for these non-cyclometalated complexes, the metal-
centered oxidation step is difficult and is not observed in the usually explored
potential range [25].
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Ir(tterpy),> Ir(tBterpy),**

—‘3+

Ir(BPAterpy)g3 ‘

Ir(BPterpy),”"

Ir(ABterpy),**

Fig.16 Schematic structures of bis-terdentate complexes; the two terdentate planar sys-
tems are roughly perpendicular each other

Along the series of Table 11, the lowest-lying excited level, as monitored
from the emission features, moves to lower and lower energy, a result mainly
ascribable to a larger and larger ligand size. Interestingly, along this series the
emission passes from a predominant LC character (Ir(terpy),>*), to a mixed
SLC/AMLCT character (Ir(tterpy),>* and Ir(tBterpy),>*); for Ir(BPterpy),>*
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the emission is best ascribed to a 3LC level, likely centered at the biphenyl
moiety. These changes in the nature of the emission are signalled by the
usual features: (i) emission profile; 3MLCT emissions yield broad lumines-
cence profiles, while spectra for >LC emissions are generally narrower and
well resolved; some representative cases are illustrated by the luminescence
profiles of Fig. 17, (ii) hypsochromic shift of the emission peak on passing
from r.t. to 77K in polar fluid solvent, that becomes frozen at the low tem-
perature (see Fig. 17), and (iii) the k; value, that for the series of Table 11
seems to be ~10°s! for 3MLCT levels, and much smaller for 3LC cases.
For Ir(terpy)(NMesterpy)>*, an intraligand charge transfer state (ILCT, of
NMe,— terpy character) is thought to be the lowest-lying excited state, result-
ing in very weak emission intensity for the complex.

According to the interpretation advanced by the authors, this is in agree-
ment with the ground state being more polar than the excited state, as evi-

I, a.u.

0.0

500 600

A, nm
Fig. 17 Luminescence profiles at r.t. (dashed line) and at 77 K (full line) for a 3LC emitter,
Ir(terpy)2®t (upper panel), and a mixed *LC/*MLCT emitter, Ir(tterpy),>* (bottom panel);
for the latter, distribution of configurations at the dihedral angle between proximate rings
of tolyl and terpy fragments may contribute to broadening of the luminescence profile at
r.t. [25]. Solvent was oxygen-free butyronitrile, Aexc = 350 nm. For Ir(terpy)23+, T was 1.2
and 26 ps, at r.t. and 77 K, respectively. For Ir(tterpy),>*, T was 9.5 and 39 s, at r.t. and
77 K, respectively; for the latter complex, a hypsochromic shift of ~600 cm™ is registered
on passing from fluid (r.t.) to frozen (77 K) solvent
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denced by pH titration of the absorption spectra [90]. A near-IR emission is
also displayed by Ir(ABterpy),>*, Fig. 16, again resulting from an ILCT state
wherein the aminobenzene fragment (AB) plays the donor and the bound
terpy unit the acceptor.

4.2
Terdentate Cyclometalating Ligands

The first luminescent and redox-active Ir(III) complexes of terdentate
cyclometalating ligands were reported by Campagna, Mamo and col-

Ir(terpy)(pbpy)”*

axe
\IrfN/ N
/ —

axe

Ir(dpyx)(dppy)

7 N\
\%
o

Ir(dpyx)(ppy)Cl

Ir(tdppy)(tterpy) Ir(tdppy)(Brpterpy)

Fig. 18 Schematic structures of cyclometalated bis-terdentate complexes; the two terden-
tate planar systems are roughly perpendicular to each other
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leagues [92]. The schematic structures of the Ir(pqpy”)(pqpy)** and
Ir(pgpy )2t complexes, that include phenyl-quinolyl fragments which can
bind both at N and C™ positions, are displayed in Fig. 18; some spectroscopic
and electrochemical data are gathered in Table 12 [92-96].

Remarkably, owing to the extended ligand frame, these complexes show
low-energy MLCT features, both in absorption and emission [92].

Low-lying MLCT states are also met in the series Ir(terpy)(pbpy)2?*,
Ir(terpy)(tpbpy)*, and Ir(terpy)(tpebpy)*, Fig. 18 and Table 12 [93]. For
these species, it is interesting that the N*N”C coordination for the pbpy,
tpbpy, and tpebpy never takes place; for the latter two cases it is argued that
the aryl substituent may be responsible for activation to cyclometalation of
the C3’ position at the central pyridyl ring.

The six positions of a bis-terdentate ligation system can be arranged in
different ways, Fig. 18 [61,94-96]. Williams and coworkers have reported
on the properties of complexes exhibiting the asymmetric dipyridyl-xylene
(N*C”N, dpyx) and 2,6-diphenyl-pyridine (C"N”"C, dppy) coordination,
Fig. 18 and Table 12 [61]. For Ir(dpyx)(dppy), the emitting level is de-
scribed as MLCT in nature, as supported by DFT calculations, with the
LUMO mainly centered at the (N"C"N) fragment. For Ir(dpyx)(dppy) and
Ir(dpyx)(F4-dppy), the luminescence quantum vyield is ¢ = 0.21 and 0.41, re-
spectively. This demonstrates that also Ir(III) bis-terdentate complexes can be
quite good emitters, like the related Ir(III) tris-bidentate ones. In addition, for
a complex where dppy coordinates as (ppy-C,N), Ir(dpyx)(ppy)Cl (Fig. 18),
the luminescence quantum yield is exceptionally high, ¢ = 0.76, which is
likely due to inhibition of photodissociation processes, see below [61].

Scandola and coworkers have explored in detail the consequences of
the asymmetry of the coordination environment. On the basis of results
from time-dependent DFT calculations, it is concluded that for a series of
complexes including Ir(tdppy)(tterpy)* and Ir(tdppy)(Brpterpy)—wherein
the Ir(IIl) center is coordinated by 2,6-diphenylpyridine (dppy) and terpy
fragments—the lowest-lying states can display a unique directional char-
acter, of dppy — terpy nature (LLCT). Table 12 collects spectroscopic and
electrochemical properties for these complexes that feature intense CT ab-
sorption in the visible and emission in the red region, Aem = 690 nm for
Ir(tdppy)(Brpterpy) [95, 96].

5
Interplay of Excited States and the Role of MC Levels

For the Ir(IIT) complexes reviewed here, the lowest-lying (and emissive) ex-
cited state can be of °LC, 3MLCT, *ILCT, MLLCT, and *LLCT nature. Some
attention should also be paid to the 3MC levels, Fig.3. As is well known
and has been widely investigated for Re(I)-, Ru(II)-, and Os(II)-polyimine
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complexes [97-107], the >MC non-emissive levels are effective doorways to
radiationless paths, which can include photodegradation of the complex (in
some cases, involving ligand release [44, 106, 108-110]). If the energy gap be-
tween the emissive and higher-lying >MC levels, AE (Fig. 3c), is not too high,
the latter become thermally accessible at r.t., thus affecting the emission in-
tensity. For instance, for Ru(bpy);**, the MLCT level (actually a cluster of
closely spaced MLCT levels [111]) is at ~2.1 eV, and thermal population of
the 3MC levels takes place with AE~0.5¢eV [97], so that the 3MC level can
apparently be placed at 2.6 eV. As discussed in previous sections, Os(II) and
Ir(III) are 54° metal centers, and the *MC levels derived from the split of
the 5d orbitals in an octahedral ligand field are expected to be significantly
higher in energy than for a 4d case like Ru(II), Fig. 3. As mentioned above, the
SMLCT emissive level for Os(II) complexes is typically 1.6 €V [4, 88], which
should inhibit thermal population of the (too high) *MC level. With regard to
Ir(IIT) complexes, either from cyclometalated or non-cyclometalated ligands,
this could not be the case. As seen above, their emissive level ranges from
2.0 €V (red region) to 3.0 €V (blue region) or higher, and for the most extreme
blue emitters it is easy to predict a severe detrimental role of the MC levels.

An assessment of the energy gap, AE, between emissive and *MC levels
can be obtained by studying the temperature dependence of the luminescence
properties, as illustrated by several systematic studies for Ru(II)-polypyridine
complexes [3,97-107]. This can be done by using an Arrhenius-like expres-
sion, Eq. 7 [98].

- AE
knr=Aexp( RT )+k0 (7)

Here, A is a frequency factor, k, is a low temperature limiting value, and
knr =1/7 - k¢ (for Ru(Il)-polyimine emitters, kn,=1/7 [3]). The meaning of
A and AE is best discussed with reference to two limiting cases, (a) and
(b) [3,98], Fig. 19.

For case (a), the >MC deactivation is very fast (showing that photodegrada-
tion can also be a contributing process [106, 108-110]). Consistent with this,
AE is the energy gap between the bottom level of the emission curve (either
3MLCT or *LC) and the level for the crossing with the MC curve; in this case,
A should be found in the range 10'2-10'* 57! [98].

For case (b), deactivation of the MC level is so slow as to allow equili-
bration between the emitting level and the >MC level. Thus, AE is to a good
approximation the energy gap between the bottom levels of the curves for the
involved states, and it turns out that A should be orders of magnitude slower
than 102 s7! [3,112,113].

For some of the Ir(III) complexes dealt with here, it could be very import-
ant to know about the role of >MC levels in view of applications. For instance,
the use of Ir(IIT)-based phosphors as active materials within EL devices, could
suffer from the thermal accessibility of the *MC levels. At the moment, in-
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(@) (b)

. LCPMLCT

<@t oo

M- coordinate M- coordinate

Fig.19 Expected limiting kinetic cases for deactivation of the luminescent 3LC/*MLCT
levels in Ir(III)-complexes, see text. Adapted from refs [3, 98]

vestigation of the temperature dependence of the luminescence seems to be
a quite uncommon occurrence for Ir(III)-polyimine complexes. Available re-
sults from a few cases studied are summarized in Table 13 [25, 54, 56].

From the low values of the frequency factor A, it seems that for Ir(terpy),>*
and Ir(tterpy),>*, Table 13, the *MC level is scarcely active and the appro-
priate kinetic reference scheme could be that of Fig. 19b. In contrast, for
Ir(dmF — ppz),(F; — tap) (Fig. 9 and Tables 5, 6 and 7), A~10'? s™! and the ki-
netic case of Fig. 19a seems to hold, which is consistent with the low emission
intensity, ¢ = 0.008 (Aem =469 nm) [54]. Use of these kinetic results would

Table 13 Kinetic parameters for excited-state decay?

Ab g1 AEP v koP s7! E00< Refs.
Ir(terpy),>* 7.6 x 10° 0.22 2.1E5 2.71 [25]
Ir(tterpy)23+ 2.2 %107 0.13 6.0E4 2.45 [25]
Ir(F, — ptz)s - 0.67 - 2.90 [56]
Ir(dmF - ppz), 1.25 x 1012 0.19 2.65 [54]

(F7 —tap)

2 Solvent and temperature range explored are indicated in the original works
b See Eq. 7 and concerned text
¢ Emission energy level as estimated from the luminescence peak
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therefore indicate that as luminophores at r.t., Ir(terpy)23+ and Ir(tterpy)f’r
are expected to be scarcely affected by the >MC reactivity. On the contrary, for
Ir(dmF — ppz),(F7 — tap) photodamage can be a likely occurrence.

Of course, in addition to a low *MLCT/*LC-*MC energy gap, limitations in
the use of Ir(III)-polyimine complexes as blue emitters may arise in connec-
tion with some other factors. Actually, even if the phosphorescent level of the
complex is lower than the lowest-lying level of a hosting material, a low en-
ergy gap between these levels can result in phosphorescence quenching of the
guest and lack of exciton confinement [114, 115]. Nevertheless, quite sophisti-
cated strategies may afford white light from devices wherein the incorporated
Ir(IIT)-polyimine components are not designed to act as blue emitters [116].

6
Ir(1ll) Complexes in Multicomponent Systems

In this section the use of Ir(III) complexes in the construction of supra-
molecular systems for the collection and conversion of light energy will be
reviewed. After a short description of a few homometallic binuclear cases
containing Ir(III), the collection of light energy will be treated first, in the
section addressing the energy transfer processes. The conversion of light en-
ergy into chemical energy will be addressed in the last two sections, with
the former dealing with some early work on electron transfer and the latter
reviewing the use of Ir(III) complexes in devices for charge separation.

6.1
Binuclear Homometallic Complexes

The direct synthesis of Ir(IIl) tris-chelate complexes is difficult due to
steric and electronic effects of the ligands. It has been shown that a facile
route to a variety of phosphorescent compounds exists through chloride-
bridged dimers [46,47]. As mentioned above, IrCl; reacts with an excess
of the desired (C"N) ligand to give a cyclometalated complex [117]. The
product of this reaction is a chloride-bridged dimer, [(C"N),Ir(p—Cl),
Ir(C"N),], with the heterocyclic rings of the (C"N) ligands in a trans dispo-
sition, Scheme 2.

N

N

C//n,.,,|| oaWClyyyy, | e

C’ |’"C|' |r\c
N

N

Scheme 2 2IrCls-nH,0 + 4(N*CH) — [(C N),Ir(jL — C1),Ir(C N);] + 4HCl + nH,0
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This cyclometalation reaction proceeds under fairly mild conditions, giv-
ing good yields (typically >75%) of the corresponding [(C"N),Ir(p— Cl),Ir
(C"N),] dimer for a number of ligands having a heterocyclic nitrogen and
an sp?-hybridized carbon positioned such that the cyclometalation reaction
leads to a five-membered ring. The tendency of ppy-type ligands to form
bridged species may be viewed as a result of the enhanced electron density at
the metal center imposed by a larger o donation through the Ir — C bond than
would be the case in Ir — N bonded complexes of bpy-type ligands [27].

The absorption spectra of these chloro-bridged dimeric complexes are
similar to the spectra that would be observed for the corresponding monomer
species, providing a good evidence for the small degree of metal-metal in-
teraction which occurs in the dimers [27]. [(C”N),Ir(p — Cl),Ir(C"N);,] com-
plexes are only weakly emissive at room temperature, ¢ < 0.05; however, they
strongly phosphoresce in frozen glasses at low temperature. In Table 14 are
listed luminescence properties of such chloride-bridged Ir(III) dimers; Fig. 20
shows ligands not yet illustrated in previous figures. The weak phosphores-
cence at room temperature has been explained by the occurrence of a rapid
non-radiative decay, involving cleavage in the excited state, followed by a re-
formation of the dimer in the ground state [118].

mppy nppy pnpy fppy 4°,6’-F2-ppy

Fig.20 Terminal ligands employed in binuclear homometallic complexes

Insertion of o-donating alkyl groups on the phenyl- and pyridine moiety
of ppy results in a higher electron density at the metal center. Nevertheless,
electronic transitions in the substituted complexes occur at energies similar
to those of the unsubstituted ppy derivatives, as a balance of o-donor and -
acceptor effects from the alkyl groups during charge transfer processes [26].
On the contrary, upon substitution on the ppy ligands with strongly electron-
withdrawing groups, like NO,, an extreme variability in the photophysical
properties is manifested, and a large bathochromic shift of the emission band
maximum is observed. This is a consequence of a significant decrease in the
o-donor ability of the phenyl moiety, or increase in m-accepting ability of
the pyridyl moiety when an electron-withdrawing group is attached on the
corresponding aromatic ring [118]. The use of isocyanate (NCO) bridging
ligands has been demonstrated to increase the photoluminescence quantum
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yield without shifting the emission wavelength significantly [119]. The use
of pseudo-halogen ligands can either (i) affect the gap between the LUMO
level of the cyclometalating ligand and the metal £, orbitals, resulting in a red
or blue shift in the emission maxima, or (ii) increase the gap between the
cyclometalating ligand LUMO and the metal e, levels, thus reducing the likeli-
hood of non-radiative decay processes through the >MC levels and increasing
the luminescence quantum yield [57]. The use of these isocyano-bridged din-
uclear Ir(III) complexes as triplet emitters in OLED devices has recently been
suggested [119].

Examples of binuclear Ir(III) complexes comprising organic bridges are
scarce, with the linking ligands mainly making use of p-phenylene spac-
ing units [120-123], Fig. 21. The luminescence properties of some of these
systems are collected in Table 15. When two Ir(ppy), moieties are coordi-
nated by bpy units connected through polyphenylene spacers, the lumines-
cence behavior is ascribable to *MLCT transitions involving the bridging
ligand [121-123]. The length of the spacer and the presence of substituents

\ N = Vi N —
S @\‘ \N J 7\ \N /)
bpt bpb

Fig.21 Bridging ligands employed in binuclear homometallic complexes
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on the cyclometalating ligands affect the photophysics of the complexes. No-
tably, the luminescence quantum yields are 2-3 times higher with respect to
the related chloride-bridged dimers (see Table 14). When the dimers are built
up with terdentate chelating ligands and a terpy fragment is connected to the
bridging modules, the excited state responsible for the luminescence may be
long lived, T >200 ps at 77 K [120], a likely consequence of its localization at
the bridging fragments.

When the organic bridging ligand allows for a significant electronic com-
munication between the metal centers, then a strong influence is exerted on
the energy of the emitting states, see cases of [(ppy)2Ir(i—bpt)Ir(ppy)2]*
and [(ppy)2Ir(w—Dbpb)Ir(ppy)2], Fig.21 and Table 15 [124,125]. In par-
ticular, a marked red shift of the emission (4400 cm™') is observed for
[(ppy)2Ir(n — bpb)Ir(ppy)2], as compared to the parent mononuclear Ir(ppy)s
complex. By contrast, in the [(ppy)2Ir(j—bpt)Ir(ppy)2]* complex the effi-
cient mixing of the filled d metal orbitals and 7 orbitals of the bridge, causes
a strong coupling between the metal centers, resulting in a blue-shifted emis-
sion. For both complexes, the observed luminescence has been assigned to
SMLCT transitions involving the charged bridging ligand [124, 125].

6.2
Energy Transfer Processes

The study of photoinduced processes in Ir(IIl)-based arrays has been ex-
ploited since facile synthetic methods for the preparation of Ir(III)-polyimine
complexes became available. Polynuclear complexes containing, in addition
to Ir(III) centers, either Os(II)-, Ru(II)-, Re(II) or Cu(I)-polyimine units
linked by different bridging ligands, displayed a rich variety of photoinduced
energy transfer processes. In Fig. 22 are reported some representative cases of
early studies.

A dinuclear complex [(bpy),Ru(HAT)Ir(ppy)2 incorporating Ru(II)
and Ir(III) centers linked via the bridging ligand HAT was reported by Kirsch-
De Mesmaecker et al. [126]. In this dinuclear complex, Fig. 22a, the emission
is identified as Ir-centered, and denoted SBLCT in nature (Aem = 760 nm,
7 < 10 ns), consistent with Ru — Ir energy transfer.

The dinuclear complex [(bpy),Ru(bpt)Ir(ppy),]** was reported by Haas-
noot et al., Fig. 22b [124]. In this complex the two metal centers are linked via
a bpt bridging ligand containing a monoanionic triazole unit. Because of this
electronic feature, the MLCT states localized on the two moieties involve the
peripheral ligands and not the bridging ligand. In [(bpy),Ru(bpt)Ir(ppy)2]**
emission is only observed from the Ru-based unit and the direction of inter-
component energy transfer is Ir — Ru, i.e., in the opposite direction from that
observed for [(bpy),Ru(HAT)Ir(ppy),|**.

A further example of a mixed dinuclear complex is reported by Brewer
et al. and is represented in Fig. 22c. [(terpy)Ru(tpp)IrCh]ZJr was studied to-

]3+

b
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Fig.22 Schematic structures of polynuclear complexes, see text; arrows denote energy
transfer

gether with the pertinent component models [127]. Irrespective of the excited
moiety, the luminescence in the array (Aem = 810nm, 7 =22ns), is a Ru-
based emission with a >MLCT involving the tpp bridging ligand. In Fig. 22d
and e are shown tetranuclear heterometallic complexes reported by Cam-
pagna et al. [128]. In the tetranuclear compounds {M[(dpp)Ir(ppy)2]3}°*
with M = Ru(II) or Os(II) the direction of the energy flow is reversed de-
pending on the nature of the central unit. In {Ru[(dpp)Ir(ppy)2]3}°*" the
central position is occupied by a Ru(dpp)s;** unit and the absorption of
a photon by this chromophore results in the excitation being conveyed with
unit efficiency to any one of the peripheral (dpp)Ir(ppy).* fragments, which
emits. Conversely, for {Os[(2,3 —dpp)Ir(ppy)2]3}°*, absorption by one of
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the Ir(III) chromophores is followed by a periphery-to-center excitation en-
ergy, and the emission is Os(2,3 —dpp)3;>*-based. These results agree with
the known ordering of the emissive triplet state energy levels: Ru(dpp);** >
(dpp)Ir(ppy)2* > Os(dpp)s**.

More recent work include examples from several groups. Neve, Cam-
pagna et al. and Quici, Campagna et al. have investigated the systems
displayed in Fig.23 [120,123]. A heterometallic cyclometalated complex
[(ppy)2Ir(jr— L —OC(O) — L)Re(CO)3Br]* with L - OC(O) — L = 4-{(6'-phen-
yl-2,2"-bipyridine-4’-yl)benzoyloxy]phenyl } -6’ phenyl-2,2’-bipyridine,

Fig. 23a, was electrochemically and photophysically characterized together
with a series of model monomers and related homobimetallic species [120,
123]. The luminescence of the heterometallic complex was essentially domi-
nated by the Ir-based emission, however a scarcely efficient energy transfer
from the Ir center to the Re center was inferred from the wavelength depen-
dence of the Ir-based luminescence. The very modest driving force for the en-
ergy transfer reaction (< 0.1 éV) together with the high reorganization energy

Fig.23 Schematic structures of polynuclear complexes, see text; arrows denote energy
transfer
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accompanying energy transfer, were identified as the main reasons for such
inefficiency. The tetranuclear system [(terpy)Ir(L)Ru(L)Ru(L)Ir(terpy)]10+,
Fig. 23b, with L containing two coordinating terpyridine sub-units linked to
each other by a relatively rigid polyphenyl spacer with a meta arrangement
was recently reported [120]. At room temperature, the Ir and Ru centers emit
independently and the luminescence is biphasic, with typical features of the
two components units, i.e., Ale; =572 nm and 7 = 2.9 ps for the Ir(II) unit
and Aem = 681 nm and 7 = 82 ns for the Ru(II) unit, respectively. On the con-
trary at 77 K, where the lifetime of the Ir-based potential energy donor is
increased to 205 ps, the only detected luminescence is Ru-based, indicating
an Ir—Ru efficient energy transfer. An energy transfer rate of the order of
10* 571, unable to compete with the intrinsic deactivation of the Ir donor at
room temperature can be estimated.

Other contributions come from the group of De Cola [129]. A series
of para-phenylene bridged heterodinuclear Ir/Ru complexes with increas-
ing bridge length [Ir—ph, —Ru]**, with Ir = Ir(ppyFF),bpy* and Ru =
Ru(bpy)32+, were examined, Fig. 24a [121, 129]. In these complexes selective
excitation of a single metal complex unit is not possible due to the absorbance
overlap of both metal complexes and connecting bridge. Both at 298 K and
at 77 K, excitation at 330 nm leads to emission from the lower energy excited
Ru(II)-unit only, which suggests a very fast (r ca. 2 ps at 298 K) and nearly
length independent Ir— Ru energy transfer. This behavior was explained by
a hopping mechanism (as opposed to superexchange) dominating the energy
transfer process, favored by the very close energy of the >MLCT level of the
Ir(III)-based donor and the triplet state of the bridge.

An interesting application of energy transfer processes in Ir(III)-based
polyimine complexes is represented by the system illustrated in Fig. 24b [130].
De Cola et al. reported the formation of this trinuclear adduct via the
carboxylated groups of two Ir(III)-based centers with an Eu(III) terpyridine-
based complex. The emission of the Ir center is blue-green (Aem = 460 nm and
491 nm) and that of the Eu center is red (Aem = 615nm). The design of the
system allowed only a partial transfer (ca. 40%) of the energy of the Ir center
(selectively excited at 400 nm), to the Eu(III)-based unit. This leads to a lumi-
nescence containing contributions from both centers ( ey = 460 nm, 491 nm
and 615 nm), whose combination results in white luminescence, of potential
interest in electroluminescent displays and for lighting applications.

A further contribution from this group, in collaboration with Pikramenou,
deals with energy transfer processes in self-assembled structures of multin-
uclear complexes. Each ligand of a Ru(bpy)s;?* unit is connected to the rim
of a B-cyclodextrin receptor to form Ru(B-CD-mbpy), which can complex
in a polar medium the biphenyl (or adamathyl) tail of an Ir(III)-terpyridine
complex, Fig.24c [131]. In order to provide complexation of the Ir guest
and because of the low association constant, a consistent excess of the Ru(-
CD-mbpy) host is required, (80-90% of host relative to guest). Under these
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<« Fig.24 Schematic structures of arrays, see text; arrows denote energy transfer

conditions, the luminescence of the Ir unit excited at 330 nm (where also
the Ru unit is excited) displays a short decay component with =3 ns and
35 ns, for Ir(biptpy)(terpy)®t and Ir(tpyada)(terpy)*, respectively. The na-
ture of the connecting tail can affect differently the electronic coupling of the
partners; this is higher for the aromatic rather than for the aliphatic guest,
and can alter accordingly the rates of the energy transfer process. Rate con-
stants of 3.3 x 10% s! and of 2.9 x 107 s! were derived for the biphenyl and
the adamantyl guests, respectively.

An example of an Ir(IlI)-based binuclear complex involving Cu(I), re-
ported by Sauvage, Collin, Flamigni et al. is displayed in Fig. 25a [132]. This
binuclear complex contains an Ir(terpy),;-type complex and an asymmetric
Cu(phen);-type complex. It can be regarded as a pseudorotaxane where the
Cu(I) center locks the axle, containing the Ir(terpy),-type complex, with the
macrocycle containing a 2,9-diphenyl-1,10-phenanthroline. Following selec-
tive excitation of the Ir center at 390 nm, the luminescence of the Ir(III) unit
is almost completely quenched. Both energy transfer (Ir—Cu) and electron
transfer (Cu—Ir) are possible explanations, but a quantization of the relative
weight is made difficult by the essentially non-emissive nature of unsubsti-
tuted or asymmetrically substituted Cu(I) bis-phenanthroline derivatives at
the 2,9 positions.

Further examples of energy transfer processes in assemblies involving
Ir(III) polyimine derivatives, from Williams et al., are shown in Fig. 25b
and c [133]. These are bimetallic assemblies containing Ir and Ru centers,
either an Ir(terpy),>* connected to a Ru(bpy);>* via a polyphenyl bridge,
Fig. 25b, or a Ru(terpy),?* connected to an Ir(ppy),bpy* moiety, Fig. 25c. En-
ergy transfer occurs in both arrays in the direction Ir— Ru, but whereas for
(b), Fig. 25, the sensitized luminescence of the Ru center upon excitation of
the Ir center can be detected also at ambient temperature, in array (c) the sen-
sitized luminescence of the Ru(II)-terpyridine complex can only be revealed
at low temperatures (165 K), due to the well-known non-emissive nature of
Ru(terpy),** at room temperature.

In addition to polynuclear systems, energy transfer in Ir(III)-based ar-
rays has also been exploited in simple dyads (i.e., arrays made of two units)
where an aromatic group is appended to one of the ligands of the com-
plex. An example consists of an Ir complex with an appended naphthyl unit,
the complex Ir(ppy)2(nala) where excitation of the naphthyl chromophore is
followed by an efficient energy transfer to the Ir center [134]. A further ex-
ample, Fig. 25d, is an assembly made of a Ir(terpy),>* unit connected through
an amidophenyl spacer to a naphthalene bisimide. In this case, upon ex-
citation of the Ir(Ill) moiety, energy transfer from its MLCT level to the
triplet localized on the naphthalene bisimide takes place with a rate constant
of 4.2 x 10%s™! [135]. On the contrary, excitation of the naphthyl bisimide
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Fig.25 Schematic structures of arrays, see text; arrows denote energy transfer

chromophore yields the singlet excited state of this unit which, in spite of
the high energy content (3.2 €V), is unable to transfer energy to the Ir cen-
ter. This is probably due to the short lifetime (ca. 50 ps) of the excited
state which cannot, during its lifetime, transfer energy over the relatively
long distance separating the partners (ca. 2 nm center-to-center). It should
be recalled here that, due to the strong spin-orbit coupling brought about
by the heavy Ir ion, also formally spin-forbidden energy transfer processes
can take place.
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More examples include the use of Ir(III) complexes in dendrimers [136]
and as pendants in oligo- or polymeric fluorene (or carbazole), in part al-
ready discussed in Sect. 3.4 [76, 137, 138]. Both cases illustrate viable methods
to solve the problem of phase separation in electroluminescent polymers
doped with Ir(III) complexes and are not treated here in detail.

6.3
Electron Transfer Processes

A pioneering work in this field was authored by Brewer et al. [139]. The
trinuclear complex of Fig. 26a, {[(bpy),Ru(dpb)],IrCl,}>*, containing two Ru
centers and one Ir center, was extensively investigated and shown to act as
a photochemical device for multiple electron collection. The electrochemical
data are crucial to understanding the photoinduced processes. The two Ru(II)
centers are oxidized simultaneously at 1.56 V vs. Ag/AgCl. A series of one-
electron reductions (+ 0.03V, -0.12V, -0.71V and - 0.98V vs. Ag/AgCI)
leads first to the reduction of the bridging dpb ligands which can take up to
four electrons before reduction of the peripheral bpy ligands and the two-
electron Ir''! step take place [139]. The first two reduction processes in the
trinuclear complex are easier than the analogous processes in the mononu-

Fig.26 Schematic structures of arrays, see text; arrows denote electron transfer
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clear precursor Ir(dpb),Cl,*. This can be ascribed to the stabilizing effect of
the Ru(II) centers toward reduced species involving Ir-containing fragments.
After this electrochemical behavior, an extension to systems driven by light
was devised [140]. Irradiation of the peripheral Ru centers (Aexc = 650 nm)
leads to the MLCT excited state localized on the dpb fragment which un-
dergoes excited state electron transfer with the sacrificial electron donor
dimethylaniline (or triphenylamine). This leaves a reduced trinuclear com-
plex and an oxidized sacrificial electron donor. Uptake of a second photon
by the Ru unit and further reaction with the sacrificial donor leads to a dou-
bly reduced complex with the electrons localized on the dpb fragments,
{[(bpy)>Ru(dpb™)]IrCL}3*

A further example of a photoinduced electron transfer process involving
Ir(III) moieties is reported in Fig. 26, structure (b), and was described by
Sauvage, Collin, Flamigni et al. [141]. The dyad is made of a triarylamine
electron donor (D) linked to the iridium bis-terpyridine complex (Ir) by an
amidophenyl group. D has an excited state energy at ca. 3 €V, higher than the
energy of the Ir(III)-complex excited state, ca. 2.5 €V, preventing any quench-
ing of the latter by energy transfer. On the other hand, D can be oxidized at
+ 0.8 V (vs. SCE) and the Ir complex can be reduced at - 0.76 V (vs. SCE), so
an electron transfer from the excited state of both components is possible. Se-
lective excitation of the metal complex unit results in a complete quenching
of its luminescence with the formation within 20 ps of Ir™ — D*, a charge sep-
arated (CS) state with a hole on the triphenylamine unit and an electron on
the terpy ligand of the iridium complex. This CS state, identified from the ab-
sorption band peaking at 765 nm, decays with a lifetime of 70 ps. Excitation of
the D component around 330 nm also results in a complete quenching of the
triphenylamine luminescence to yield the same CS state. In fact, when the Ir
complex is excited, an electron moves from the HOMO localized at the donor
to the HOMO localized at the Ir complex, and when D is excited, an electron
moves from the LUMO localized at the donor to the LUMO of the Ir complex
acceptor, localized at the bridging terpyridine. The electron transfer reaction
occurs with a unity yield upon excitation of both components, but the lifetime
of the CS state is too short to be used in any light to chemical energy conver-
sion scheme. The addition to the Ir complex center of an ancillary electron
acceptor group able to undergo a further electron transfer step (see below) is
the correct strategy to increase the lifetime of the CS state.

6.4
Assemblies for Charge Separation

The topic of this section is strictly related to those of the previous sections.
In fact whereas multi-step electron transfer is the basic reaction leading to
charge separation, very often energy transfer reaction can occur, and not
necessarily detrimentally, in arrays designed to achieve charge separation.
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These are triad systems, i.e., made of three component units weakly inter-
acting, where a separation of charges occurs over nanometric distances. All
systems described here are based on a central Ir(terpy),** unit, with func-
tional units appended at the 4'position of the terpy ligands. As discussed
above, this allows the construction of linear arrays without complications due
to the formation of isomers as is the case for bidentate ligands.

The first systems of this type, reported by Collin, Sauvage, Flamigni
et al, drawn in Fig. 27, have as appended units free base or zinc tetra-
aryl-porphyrin on one side and gold tetra-aryl-porphyrin at the other
extremity [87,142-144]. The Ir(terpy)23+ unit was introduced to replace
Ru(terpy)zzJr used as the assembling unit in previous studies [145, 146],
in order to prevent undesired competitive energy transfer processes where
the metal complex played the role of energy acceptor, depleting the excited
state of the porphyrin photosensitizer. The higher energy of the Ir center,
ca. 2.5 eV, with respect to the Ru center, ca. 2 €V, and the lower reduction po-

Fig.27 Schematic structures of arrays, see text; arrows denote electron transfer
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tential of the former, - 0.75V vs. SCE compared to - 1.2V vs. SCE for the
latter, prevented the undesired energy transfer and favored electron transfer
in arrays based on Ir(terpy)f’r [89, 147]. Excitation of the free base or zinc
porphyrin unit in the compounds reported in Fig. 27, results in quenching
of the porphyrin fluorescence, v = 30 ps for triad (a) and 7 < 20 ps for triad
(b), Fig. 27, compared to a lifetime of nanoseconds for the models. This is as-
cribed to an electron transfer from the porphyrin excited state to the central
Ir(IIT) complex which is then followed by a further electron transfer to the
gold porphyrin unit reduceable at a lower potential (- 0.65V vs. SCE ) than
the Ir center. The latter process occurs with a rate constant of 1.2 x 10'0 57!
in array (a), is faster than 5 x 109571 in triad (b), Fig. 27, and leads to the
separation of charges over the two extreme porphyrins, separated by a center-
to-center distance of ca. 3 nm. The yield of charge separation is 0.5 for triad
(a) in acetonitrile and 1 for triad (b), Fig. 27, in apolar toluene. The lifetime of
the CS state was disappointingly low (3.5 ns) for the triad (a) where charge re-
combination leads to the triplet state localized on the porphyrin moiety, close
in energy to the CS state. By contrast, the lifetime of the CS state for the Zn
porphyrin containing triad (b) was remarkably higher, 450 ns. In this case in
fact, because of the higher level of the porphyrin triplet excited state, charge
recombination leads directly the ground state. This step, being characterized
by a high driving force (AG? ca. - 1.3 éV), takes place in the so-called Marcus
inverted region [148] and therefore its rate is slowed down. It should be noted
that excitation of the gold porphyrin unit does not yield any useful photore-
activity, in fact the triplet state decays unperturbed with a lifetime identical
to the model porphyrin.

An extension of this study revealed that following selective excitation of
the Ir(III)-based unit at 355 nm, rather than that of the porphyrin units at
532 nm, i.e., when the Ir center acts as a photosensitizer, the type of ensuing
photoinduced process can be switched in the case of array (a), Fig. 27, from
the electron transfer discussed above, to energy transfer [87].

More recently the same groups synthesized and determined the photore-
activity of a triad based on the same Ir(terpy),>* unit connected via ami-
dophenyl spacers to a triphenylamino electron donor (E;/;D*/D ca. - 0.8V
vs. SCE) on one side, and a naphthalene bisimide electron acceptor on the
other extremity (E1/2A/A™ ca. - 0.5V vs. SCE), with an overall length of the
triad D—1Ir— A of the order of 5nm, Fig. 28 [135]. This triad was studied
in parallel with the component units and the dyads (d) of Fig. 25, and (b)
of Fig. 26 mentioned above. Excitation of the Ir or the D moieties in the
triad leads to a CS state D* —Ir — A~ with a yield of ca. 10%. This is formed
upon electron transfer (D* —Ir" —A — D* —Ir—A") from D* -Ir" — A, in
turn formed after excitation of either D or Ir units, as discussed above for
the model dyad (b) of Fig. 26. Unit A can in fact be reduced more easily than
the Ir unit, - 0.5 V vs. - 0.75 V. The low yield in the formation of D* —Ir — A~
is due to the competition with the fast recombination to the ground state of
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the primary CS state D™ —Ir™ — A (t = 70 ps, as determined in the dyad (b) of
Fig. 26). What is, however, remarkable about this system is the long lifetime of
the CS state, 120 s, and its scarce sensitivity to the presence of oxygen; in air
equilibrated solutions the CS state lifetime is in fact 100 pus. A schematic di-
agram of states and of intramolecular photoinduced processes is reported in
Fig. 28. Excitation of the A unit does not lead to any intramolecular reactiv-
ity, but the resulting triad with an excited state localized on the acceptor unit,
D —Ir — A gives rise to a rich bimolecular reactivity [135].
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30{'D-Ir-A
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Fig.28 Upper panel: schematic structure of a D-Ir-A triad (see text), arrows denote electron
transfer steps. Lower panel: energy level diagram and elementary reactions (see text)
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This system has been quite successful in providing long-lived CS states,
among the longest ever obtained with assemblies based on inorganic complex
units, however, an improved yield of charge separation is sought for. Addition
of a further spacer between the Ir and D unit is expected to slow down the
recombination of the D™ —Ir™ — A favoring the formation of D* —Ir — A™, and
this seems to be a promising strategy to increase the CS yield over the two ex-
treme units in this type of array, and hopefully increasing at the same time the
lifetime of the CS state.

7
Conclusions

The large number of investigated mononuclear luminescent complexes of
the 5d° Ir(III) metal ion has allowed a deep understanding of the spec-
troscopic and electrochemical properties for this family of complexes. Tris-
bidentate and bis-terdentate arrangements have been extensively studied,
both from non-cyclometalating and cyclometalating ligands. The neutral tris-
cyclometalated complexes derived from the archetypical Ir(ppy); species, ex-
hibit outstanding luminescence properties, and their investigation as tunable
dopant phosphors has been systematically operated, as we have documented
in some detail. The nature of the various types of excited states influences
the emissive properties, and the understanding of their interplay provides the
background for approaches toward the design and use of new members (new
phosphors) of this family.

Ir(III)-polyimine complexes have been shown to be quite useful units for
the construction of photoactive supramolecular arrays, frequently available
in fixed geometry. In several known photoactive multicomponent systems,
based on hetero-metallic arrays, a rich variety of energy and electron transfer
processes has been explored. In triadic systems incorporating Ir(terpy)-type
components, the Ir(III)-terpyridine moiety has proved to be successful both
as an assembling unit and as a valuable and versatile component that can
act as an electron relay and as a photosensitizer; remarkably, in these sys-
tems very long-lived CS states (tcs ~ 100 ps) have been observed upon light
absorption. The approaches developed to fabrication of such arrays have un-
dergone continuous improvement, which promises to result in even better
performing Ir-based systems for the conversion of light into chemical energy.

Acknowledgements Acknowledgements are due to Project MACOL PM.P04.010 of CNR,
Italy.
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Abstract This chapter provides an overview of the luminescence properties of plat-
inum(II) complexes, exploring how the excited states involved in emission are influenced
by the ligands around the metal ion. The square planar nature of d® Pt(II) complexes has
many implications, leading to properties and applications that are not open to d® com-
plexes. For example, axial intermolecular interactions can lead to new excited states not
present in the isolated molecules. This review focuses on complexes containing one or
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more chelating ligands, of which at least one contains a heterocyclic ring such as pyri-
dine. Thus, we explore the properties of a range of bipyridyl (bpy) and terpyridyl (tpy)
complexes, and how they are influenced by the identity of the other ligands that com-
plete the coordination sphere of the Pt(II) ion, such as halide, cyanide, thiolates and
acetylides. We consider the sometimes dramatic influence of substituents in the bpy/tpy
ligands in producing other excited states that may be much more intensely emissive than
those of the parent complexes. The influence of cyclometallation on excited states is dis-
cussed, and how it can lead to highly emissive complexes: a range of cyclometallated
systems are reviewed, with bidentate and terdentate ligands incorporating one or more
metal-carbon bonds. Contemporary applications in areas such as sensors, photoinduced
electron transfer, and organic light-emitting devices are highlighted.

Keywords Platinum - Excited states - Luminescence - Emission - OLEDs - Sensors

Abbreviations

acac Acetylacetonate

2ap 2-aminopyridine

4ap 4-aminopyridine

bbtb 2,6-bis(benzothiazole)benzene

bdt 1,2-benzenedithiolate

BIP 2,6-bis(2’-indolyl)pyridine

bph biphenyl dianion

bpy 2,2'-bipyridine

bt 2-phenyl-benzothiozolato-N,C¥

btp 2-2'-(4,5'-benzo)thienyl)pyridinato-N,C*
bzimpy 2,6-bis(benzimidazol-2-yl)pyridine

bzq Benzoquinoline

cmc Critical micelle concentration

(O] Charge-separated

dap 2,6-diaminopyridine

dbbpy 4,4'-di-tert-butyl-2,2'-bipyridine

DCM Dichloromethane

46dfp-4dmapy 2-(4',6'-difluorophenyl)-4-(dimethylamino)-pyridinato-N,C%
46dfppy 2-(4/,6-difluorophenyl)pyridinato-N,C?
DFT Density functional theory

DMF N,N-dimethylformamide

dmdpybH 4-(p-(dimethylamino)phenyl)-2,6-dipyridyl-benzene
dmpz 3,5-dimethylpyrazole

dpdt Meso-1,2-diphenyl-1,2-ethanedithiolate
dpm Dipivaloylmethane

dppm bis(diphenylphosphino)methane
dpphen 4,7-diphenyl-1,10-phenanthroline
dppyH, 2,6-diphenylpyridine

dpybH 2,6-di(2-pyridyl)benzene

dpypz 2,3-di(2-pyridyl)-pyrazine

edt 1,2-ethanedithiolate

en 1,2-ethylenediamine

ENDOR Electron nuclear double resonance

EPR Electron paramagnetic resonance (or electron spin resonance, ESR)
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ILCT Intraligand charge transfer

ISC Intersystem crossing

LB Langmuir-Blodgett

LC Ligand centered

LLCT Ligand-to-ligand charge transfer (= interligand charge transfer)
MC Metal-centered

MeTHF 2-methyl-tetrahydrofuran

MLCT Metal-to-ligand charge transfer

MMLCT Metal-metal bond-to-ligand charge transfer
PET Photoinduced electron transfer

phbpy 6-phenyl-2,2’-bipyridine

phen 1,10-phenanthroline

php 2-pyridyl-1,10-phenanthroline

pPPY 2-phenylpyridinato

Pq 2-phenylquinolyl-N,C%

PTZ Phenothiazine

PVK Poly(vinylcarbazole)

py Pyridine

pyr Pyren-1-yl

pz pyrazole

RT Room temperature

salen N,N’-bis(salicylidene)-1,2-ethylenediamine
tbtpy 4,4’ 4" -tris-tert-butyl-2,2':6',2” -terpyridine
tbeda 1-(tert-butylcarboxy)-1-cyanoethylene-2,2-dithiolate
tda Tolan-2,2’-diacetylide

TD-DFT Time-dependent density functional theory
tdt Toluene-3,4-dithiolate

thpy 2-(2'-thienyl)pyridine

tmen N,N,N’,N’-tetramethylethylenediamine
tmphen 3,4,7,8-tetramethyl-1,10-phenanthroline
tmpz 3,4,5-trimethylpyrazole

tpy 2,2":6',2"-terpyridine

ttpy 4'-p-tolyl-2,2":6/,2" -terpyridine

TRIR Time-resolved infra-red

1

Introduction

The third row transition element platinum, along with nickel and palladium,
constitute Group 10 of the periodic table. The most important oxidation state
in this group is the + 2, with electronic configuration d®. Consideration of
a simple ligand-field splitting diagram reveals why d® metal ions have a ther-
modynamic preference to form square planar complexes in the presence of
strong-field ligands: this geometry pushes a single unoccupied orbital to high
energies, whilst allowing substantial stabilization of three of the occupied or-
bitals (Fig. 1). For nickel(II), it requires strong field ligands like CN~ to induce
the switch-over from octahedral geometry, but for Pt(II), the ligand field is
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Fig.1 Simple ligand field-splitting diagram for metal d orbitals in a square planar com-
plex. By convention, the z axis is perpendicular to the plane of the complex and the M -L
bonds lie along the x and y axes. Note that the exact ordering of the lower energy levels
depends on the ligand set (e.g., relative importance of o- and m-effects) but the dy;_» is
always unequivocally the highest

almost always sufficiently large to ensure that Pt(II) complexes are square-
planar.

It is the 4-coordinate square-planar geometry that makes Pt(II) complexes
very different from those of most of the other metal ions familiar to the
inorganic photochemist, including Cr(III), Ru(II), Os(II), Rh(III), Ir(III) (al-
most always 6-coordinate octahedral), copper(I) (4-coordinate tetrahedral),
and lanthanides (8 or 9 coordinate). The square planar conformation is re-
sponsible for many of the key features that characterize the absorption, lumi-
nescence and other excited state properties of platinum(II) complexes.

Ligand Field (d-d) Excited States are Subject to Efficient Non-radiative Decay

The dyyy, orbital is strongly antibonding. If this orbital is populated through
absorption of light, then the molecule will undergo a significant distortion
upon formation of the excited state and Pt — L bond lengths increase. We can
represent this in a simplified visual way, in terms of the d-d excited state po-
tential energy surface having an energy minimum that is markedly displaced
compared to the ground state (Fig. 2a). This is an unfavorable scenario for
luminescence from an excited state, owing to the thermal accessibility of the
isoenergetic crossing point where non-radiative internal conversion or inter-
system crossing to the ground state can occur. One of the consequences is that
platinum complexes with simple inorganic ligands (e.g., Pt(NH3)42", PtCl42")
are unlikely to be luminescent in fluid solution or are, at best, only weakly
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Fig.2 a Illustrating the displacement of the potential energy surface for the d-d excited
state in a square planar d® complex, formed by population of the dy,-,, orbital, com-
pared to the ground state. b Even though other excited states (e.g., d-7* or 7-7*) may
lie at lower energies, the d-d excited state can provide a thermally activated non-radiative
decay pathway. Thick arrows represent absorption of light; thin ones indicate vibrational
relaxation and non-radiative decay

so. The rate constant of non-radiative decay ) kn, is large, and the problem
is further exacerbated by the radiative decay rate constant k; being typically
small for Laporte-forbidden d-d transitions. In the solid state or at low tem-
peratures, distortion of molecules is inhibited to some extent, and emission
can then be observed in some instances. Pertinent examples accompanied by
citations will be provided in the sections that follow [1].
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Ligand Field (d-d) Excited States can Provide a Thermally Activated Deactivation
Pathway for Other, Lower-lying Excited States

The introduction of conjugated aromatic ligands around a metal ion intro-
duces ligand-centered (LC) (7-7* or n-7*) and charge-transfer (e.g., metal-
to-ligand charge-transfer, MLCT, d-7*) excited states into the picture. In
many Pt(II) complexes, either the MLCT or the LC states, or indeed both,
may lie at lower energies than the d-d states, and have intrinsically faster k;
values than the d-d (Fig. 2b). However, the d-d excited state, lurking in the
background, can still exert a deleterious effect on luminescence, particularly
at room temperature, since it may be thermally accessible from the lowest-
energy excited state (when AE in Fig. 2b is comparable to kT) and hence
serve as a pathway of non-radiative deactivation—effectively a drain pipe for
the excited state energy. As we shall see in the subsequent sections, the most
emissive Pt complexes are generally those where AE is large, either as a result
of the emissive state being low in energy, or because the d-d state has been
raised to relatively inaccessible energies.

The Planar Nature of the Complexes Allows Axial Interactions

In this respect, Pt(II) complexes are very different from those of 6-coordinate
d® complexes, which present an effectively spherical profile to their envi-
ronment. Square planar platinum complexes with sterically undemanding
ligands are essentially flat, and this allows close, intimate interactions, either
with other identical molecules (e.g., intermolecular stacking or dimeriza-
tion in the ground state; excimer formation in the excited state) or with
other molecules (e.g., exciplex formation with Lewis bases). Ground-state
stacking of platinum(II) complexes may involve very specific metal-metal
interactions: the d, orbital is perpendicular to the plane of the molecule,
and an intermolecular separation of the order 3-3.5 A is appropriate for
the d;; orbitals of adjacent molecules to interact in an end-on manner to form
weakly bonding and antibonding do and do* molecular orbitals (Fig. 3).
Such interactions have long been known, and they underpinned intensive
investigations of platinum complexes as one-dimensional, electrically con-
ducting, molecular materials in the 1970s [2,3]. In the context of optical
spectroscopy and excited states, one of the implications of such interac-
tions is that the highest occupied metal-based molecular orbital is raised
in energy compared to that of the isolated molecules, so that lowest-energy
optical transitions are shifted to lower energies. This can lead to a switch
over in the nature of the lowest-energy excited state; for example, in Fig. 3,
from s-7* in the isolated monomers to do*-7* in the presence of such
interactions.

For complexes with planar, conjugated aromatic ligands, 7-7 interactions
between the ligands of adjacent molecules are also possible. They are some-
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Fig.3 Simplified frontier molecular orbital diagram showing the effect of face-to-face in-
teractions and intermolecular d,; orbital overlap. In this example, such interaction leads
to a change in the nature of the lowest-energy excited state from -7* (ligand-centred or
LC) to do*-m*(metal-metal bond-to-ligand charge transfer or MMLCT)

what less sensitive to the intermolecular separations and precise dispositions
of one molecule relative to the other, but can give rise to broadly similar
effects.

A further key feature is the importance of the triplet states, a feature
shared with other third row and many second row transition metal ions. The
high spin-orbit coupling constant & of platinum promotes rapid intersystem
crossing (ISC) from singlet to triplet excited states. For excited states with
significant contribution from metal-based orbitals, ISC is normally thought
to occur at a rate constant of the order of 10'2 s™! [4], which greatly exceeds
typical radiative rate constants from singlet excited states (~ 108 s7!). Thus,
the observed luminescence from Pt complexes is typically anticipated to em-
anate from states of triplet character (unless the excited state is localized on
a remote part of the ligand well removed from the metal center). The triplet-
singlet transition, which gives rise to phosphorescence, is formally forbidden
in purely organic systems, with a rate constant (typically < 10° s7!) that is too
slow to allow phosphorescence to compete with non-radiative decay at room
temperature. But in the presence of the Pt(II) ion with its high & parame-
ter, ky(t—> s) is accelerated typically to values of the order of 10°-107 s7!, and
triplet emission on the microsecond timescale can then be observed ... pro-
vided, of course, that non-radiative decay channels do not drain the excited
state faster by other pathways!
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1.1
Content and Organization of the Chapter

In the sections which follow, the principles discussed above will be used in
exploring the properties of a range of platinum(II) complexes. The empha-
sis of the chapter will be on emission—Iuminescence—from Pt(II) complexes,
on the features and properties of molecules that tend to favor emission over
other non-radiative processes. In other words, photophysics, as opposed to
photochemistry, is our main subject here, but we also consider other excited
state processes in selected systems, such as electron transfer and photooxida-
tion.

Space constraints require selectivity in coverage, and we have chosen to fo-
cus this contribution on those complexes that contain at least one chelating
ligand incorporating an N-heterocyclic ring (normally pyridine). This em-
braces all those complexes with ligands such as bipyridine, phenanthroline
and terpyridine, as well as their cyclometallating cousins in which one or
more of the pyridines is replaced by a phenyl ring. The selection is largely
justified on the basis that it is such compounds that have constituted the vast
majority of research into the development of luminescent platinum(II) com-
plexes over the past decade. However, there are notable omissions, including
many studies on platinum porphyrins and on Pt(II) ions incorporated into
m-conjugated polymers. On the other hand, porphyrinic studies tend to be
aimed at applied work (e.g., use in oxygen sensors and in luminescence
microscopy and bioimaging [5,6]) rather than on intrinsically new photo-
physics, whilst the polymer work deals with environments and issues that are
rather different from those normally relevant to discrete Pt complexes [7, 8].

We begin with complexes containing one bidentate ligand coordinating
through two nitrogen atoms - the designation NN is used to represent
such a chelation mode - followed by terdentate NAN”N-coordinating systems
and then bi- and terdentate cyclometallated systems. Individual sections are
subdivided according to the nature of the other ligands that complete the
platinum ion’s coordination sphere.

2
Pt Complexes with Bidentate NAN Ligands

2.1
Pt(N~N)X; (X = Halide)

We start our discussion with what at first sight seems like one of the sim-
plest of possible complexes, namely Pt(bpy)Cl,, 1. That the system is not
simple after all is immediately apparent from the fact that it may exist in
either yellow or red polymorphs. A detailed investigation of the emission
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properties of the two forms, and of a number of derivatives, was carried
out by Miskowski et al. [9,10], and the results provide a useful foundation
for understanding many Pt(II) complexes prepared more recently. The yel-
low form displays a broad, Gaussian-shaped structureless emission band in
the solid state at 300 K, centred at around 640 nm. The bands become nar-
rower upon cooling, but do not shift significantly, nor is any vibronic struc-
ture resolved even at 10 K. Pt(phen)Cl, behaves similarly. Such properties
are characteristic of metal-centred (MC) d-d states: according to a classi-
cal description, the reduced amplitude of M — L vibrations at low tempera-
tures simply results in a smaller spread in the ligand-field strengths. The
d-d assignment is reinforced by the similarity of the spectra to that dis-
played by [Pt(tmen)Cl,], where the absence of m-conjugated ligands rules
out the possibility of any low-energy MLCT or LC states (tmen = N,N,N’,N’-
tetramethylethylenediamine).

‘ X
/N\ /CI
/Pt\
Z "N Cl
S \

The red form of Pt(bpy)Cl, displays a very similar emission maximum
to the yellow form, but the spectral profile is more asymmetric, and nar-
rows sharply and red-shifts upon cooling (Fig. 4, inset). At 10K, a shoulder
is resolved, 1500 cm™! to lower energy of the maximum, indicative of the in-
volvement of the bpy ligand in the excited state through its characteristic
vibrational mode, and thus suggestive of an MLCT state. The switch in the na-
ture of the emissive excited state between the two forms is attributed to Pt — Pt
interactions in the red form, which has a linear-chain structure with a Pt — Pt
distance of 3.45 A. As briefly introduced in Sect. 1, overlap of two Pt d,, or-
bitals generates an antibonding (do*) orbital that lies higher in energy than
the isolated d, orbital, and the do* — 7* (metal-metal-to-ligand charge
transfer, or MMLCT) excited state energy is thus expected to decrease as
the metal-metal distance decreases and the interaction strengthens. This ac-
counts for the observed red-shift upon cooling: as the temperature decreases,
the lattice contracts and the Pt — Pt distance shortens. The phenomenon has
been quantified by means of variable-temperature X-ray crystallography [11].
The unit cell contracts anisotropically: the ¢ axis (normal to the plane of the
molecule) decreases to 97.6% of the room temperature value at 20 K, with
a concomitant shortening of the Pt— Pt distance R by 0.08 A. The emission
energy decreases approximately linearly with R~ (Fig. 4), in a manner resem-
bling that previously found for stacked Pt(CN)42~ complexes [12].
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Fig.4 Emission peak energy (Vmax) of the red form of Pt(bpy)Cl, 1 as a function of
the inverse cube of the Pt-Pt separation R [10]. The data were obtained from vari-
able temperature X-ray crystallography. The solid line is the linear fit to the equation:
Vmax = 29.5(55) x 103-5.4(3) x 10° R, The inset, adapted from reference [1], shows six
emission spectra at different temperatures: 300, 200, 150, 100, 50 and 10 K. Reprinted with
permission from [11]. © (1996) American Chemical Society

A linear decrease in the emission energy is also observed as a function of
increasing pressure in the range 1 bar-17.5 kbar, over which range R is pre-
dicted to decrease by a further 0.2 A [13]. At a pressure of 17.5 kbar, there
is an abrupt crystallographic phase transition accompanied by an increase
in emission energy of 2500 cm™, a substantial broadening in the emission
spectrum, and a large decrease in the emission intensity. These changes are
interpreted in terms of a crystallographic phase transition to a form resem-
bling the yellow form, a >d-d emitter.

Whilst the Pt—Pt interaction nicely explains why the HOMO in red
Pt(bpy)Cl, is metal-based, rather than ligand-based as it is in [Pt(bpy)(en)]**
for example, the differing behavior between the yellow and red forms of
Pt(bpy)Cl,, namely d-d and MMLCT emitters respectively, clearly requires that
the localization of the LUMO be different. Evidently, the stabilization of the 7*
orbital arising from face-to-face orbital overlap (Fig. 3) is sufficient to lower it
to an energy less than that of the metal-based antibonding orbital (in effect,
the dyzy2 orbital). A switch to MLCT emission was observed in the complex
Pt(3,3’-(MeCO;)2-bpy)Cl, in the solid state [10], where the 7* energy is low-
ered as a result of the introduction of electron-withdrawing ester groups, as
opposed to through stacking effects. These effects are summarized in Fig. 5.

In solution, electrochemical studies in conjunction with EPR and 14 EN-
DOR spectroscopy indicate that, for many Pt(4,4’-R,-bpy)Cl, derivatives (e.g.,
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15 — Pt(bpy)(en)* Pt(bpy)Cl, Pt(3,3'-(MeCO,),-bpy)Cl,

Fig.5 Estimates of the energies of the low-lying triplet ligand-centred (7-7*), charge-
transfer (MLCT) and metal-centred (d-d) excited states of three platinum(II) bipyridyl
complexes. Reproduced from data in [10] with permission. © (1993) American Chemical
Society

R = NH,;, OEt, Me, H, Ph, Cl, CO;Me), the singly occupied molecular orbital
formed upon reduction is based predominantly on the bpy ligand [14]. The
lowest energy excited states for such complexes in solution might thus be ex-
pected to be MLCT. However, these simple dihalo complexes are essentially
non-emissive in fluid solution, owing to very rapid non-radiative deactiva-
tion, probably via the low-lying d-d state as discussed in Sect. 1. Unambigu-
ous assignment of the lowest-energy excited states is therefore a difficult task.
Faced with this quandary, Weinstein, George et al. have carried out a picosec-
ond time-resolved infra-red (TRIR) study of the ester-functionalized complex
Pt(4,4'-(EtCO;),-bpy)Cl, [15]. TRIR is essentially a form of flash photoly-
sis in which UV/visible laser excitation promotes a significant proportion of
molecules to the excited state, which are then probed using fast IR absorp-
tion spectroscopy [16]. A strongly IR-active chromophore is required in an
unambiguous portion of the IR spectrum, and bonds such as ester C =0,
cyanide ~-C=N and acetylide -C=CR are often ideal. Picosecond TRIR spec-
tra of Pt(4,4'-(EtCO;),-bpy)Cl, were recorded at several time intervals in the
range 0.5-200 ps after excitation at 400 nm (150 fs pulses). The representative
spectra shown in Fig. 6 show the initial bleaching of the carbonyl ground-
state absorption and formation of new v(CO) bands 16 cm™ to lower energy,
followed by their rapid recovery to the baseline over a period of < 100 ps [15].
The negative shift of the v(CO) band indicates an increase of electron density
on the ester groups upon excitation, which is consistent with an MLCT as-
signment of the excited state. The recovery of the ground-state bands follows
mono-exponential kinetics, with a lifetime of 8.7 0.8 ps.

Results of studies such as these reveal that the excited states of Pt(N*N)CI,
complexes are normally short-lived in solution, too short for emission to
compete with the rapid non-radiative decay, accounting for the lack of lu-
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Fig.6 a Ground-state IR spectrum of Pt(4,4'-(EtCO;),-bpy)Cl; in CH,Cl,. b TRIR spectra
obtained at 1.5 ps (solid circles), 4 ps (squares), 11 ps (triangles) and 50 ps (open circles)
after excitation at 400 nm (150 fs pulse). Solid lines represent curve-fitted spectra and
arrows indicate movement of the bands with increasing time delay following excitation.
Reprinted from [15] by permission of the Royal Society of Chemistry

minescence in solution. On the other hand, it appears that the lifetime can
be sufficiently long for energy transfer to suitable receptors to occur. For
example, Ward and co-workers have demonstrated that the Pt(dpypz)Cl,
moiety in 2 {dpypz = 2,3-di(2-pyridyl)-pyrazine} can be used to sensitize
luminescence from near-IR emitting lanthanide ions (e.g., Ln = Nd3+, Er3t,
Yb3* in 2), whose emissive excited states are sufficiently low in energy to
be populated by a large variety of chromophores that absorb in the visible
region [17]. Clearly, some energy transfer from the platinum center to the
lanthanide ion must be occurring before complete deactivation has occurred.
Time-resolved kinetic studies suggest that the rate constant for energy trans-
fer exceeds 2 x 10® s! although a quantitative assessment of the efficiency of
energy transfer would require quantum yields of the near-IR emission.

Cl 2
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2.2
Pt(NAN)(C=N),

These complexes provide a good introduction into the phenomena of self-
quenching and excimer formation in solution. The substitution of weak-field
halide ligands by strong-field cyanides lowers the energy of the highest-
occupied metal-centred orbitals to below the highest = orbital of the bpy
ligand. Thus, the lowest-energy excited states of Pt(N~N)(CN), complexes are
typically w-7* in character. Moreover, the strong ligand field also raises the
vacant dyyy, orbital, so that deactivation via cross-over to the strongly dis-
torted metal-centred states is reduced, and emission from fluid solutions at
room temperature is observable. Typically, the emission spectra show clearly
resolved structure, with vibrational spacings of around 1400 cm™! corres-
ponding to the C=N and C = C stretches of the aromatic diimine, and
lifetimes are on the microsecond timescale [18].

The planar nature of the complexes, coupled with the long-lifetimes
of the excited states, favor intermolecular interactions and self-quenching,
sometimes accompanied by excimer formation [19]. For example, Pt(5,5'-
Me;-bpy)(CN), has a quantum yield of 107 in acetonitrile at room tem-
perature, but the emission intensity and lifetime decrease with increas-
ing concentration [18]. A linear Stern-Volmer relationship between 1/r and
[Pt(II)] was found, from which a lifetime at infinite dilution (79) of 6.3 s
could be extrapolated [18]. Subsequent work on more soluble derivatives
allowed behavior at higher concentrations to be assessed, under which
conditions excimer formation has been observed [20,21]. For example,
Pt(dpphen)(CN), 3 (dpphen = 4,7-diphenyl-1,10-phenanthroline) displays
green emission centred at 520 nm in dilute CH,Cl, (107 M), but an in-
crease in concentration is accompanied by the appearance of a red emis-
sion band, centred at 615 nm, which grows in at the expense of the green
band, with an identical excitation spectrum [20]. The red emission is at-
tributed to an excimer, analogous to well-known examples amongst pla-
nar organic compounds such as pyrene, and formed from the bimolecular
interaction of an excited monomer with a ground-state monomer. Much
higher concentrations are possible in polyethylene glycol solution, which al-
low a point to be reached where the green monomer emission is completely
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replaced by the red excimer emission. Similar behavior was observed by
Che et al. for Pt(dbbpy)(CN),, where excimer formation (Amax = 565 nm)
in 1,2-dichloroethane is facilitated by the long monomer lifetime (3 ps,
Moo = 456 nm) [21]. Time-resolved studies showed that the excimer emission
does not reach a maximum until about 100 ns after excitation, reflecting the
bimolecular nature of the process of excimer formation. Data for these com-
plexes, and for representative examples of all complexes discussed in this
Chapter which are emissive in solution at room temperature, are summarized
in Table 1.

Nagle et al. have reviewed the kinetic scheme that underlies excimer for-
mation, as it applies to Pt complexes [19]. A plot of Ip /Iy (integrated emis-
sion intensities of excimer and monomer bands, respectively) versus concen-
tration of the complex should be linear. The slope is determined by all the
rate constants of formation and decay of both excimer and monomer, but
is approximately related to the equilibrium constant for excimer formation.
Typically for Pt complexes that do show excimer emission, the rate constants
for formation and subsequent decay of the excimer are substantially larger
than monomer decay. The decay of both monomer and excimer are thus gov-
erned by the rate of excimer formation, leading to nearly identical decay
kinetics for the two species.

Despite the unambiguous 7-7* assignment of the lowest excited state
of Pt(NAN)(CN), complexes in solution, Pt— Pt interactions in the solid
state can raise the energy of filled metal d,; orbitals beyond the ligand
7, just as they do for the red form of Pt(bpy)Cl,. Thus, Pt(bpy)(CN),
forms a red crystalline solid, with a Pt— Pt distance (R) of 3.35 A at room
temperature [22], the intense red emission of which is assigned to a >°MMLCT
[do*(Pty)— 7*(bpy)] excited state [23,24].

23
Pt(N~N)(C=CR),

Investigations into platinum(II) diimine complexes containing acetylide lig-
ands have comprised a major area of interest in platinum chemistry over the
past decade. As for X = —C =N, the introduction of strong-field acetylide
ligands into the coordination sphere of Pt(II) ensures that the energy of oth-
erwise deactivating metal-centred d-d states is raised, and the complexes are
normally quite strongly emissive in fluid solution at room temperature.

The first example of such a complex was reported by Che in 1994,
who attributed the broad, structureless, room temperature emission band
of Pt(phen)(-C=C-Ph), to a Pt(d)-m*(phen) SMLCT excited state (Aem =
578 nm, t = 2.1 ps in CH,Cly) [25]. Eisenberg et al. later examined this com-
plex and the 4-tolyl-acetylide and 4-fluorophenyl-acetylide analogues as part
of a study of the concentration-dependent self-quenching of square planar
Pt(II) complexes [26]. They noted that, in CH,Cl,, the self-quenching of
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the parent complex was accompanied by formation of an excimer emitting
around 750 nm.

Seeking to establish the nature of the emissive excited state in such com-
plexes, and to determine the influence of ligand substituents on the excited
state energy and deactivation pathways, the Eisenberg and Schanze groups
independently undertook systematic studies of series of Pt(N"N)(C=C-Ar),
complexes, in which the acetylide ligand was varied through the introduction
of electron-withdrawing or -donating substituents, whilst keeping the NAN
ligand constant, and vice versa [27-29]. For example, Schanze et al. prepared
the two series of complexes 4-7 and 8-11 [29].

R2 CHj R
L Oy ~ T
SN /CZC SN /C///C
/ /Pt\C\\ = N/Pt\C\\
\ ~C ! o
R? CHg R
4 Ry =R, =CHj, 8 R=CF3
5 Ry =tBu Ry=H 9 R=NO,
Series | 6 R, = C(ONEt, Ry=H Series Il 10 R =NMe,
7 R, = CO,Et Ry =H 11 R=OCH,

All the complexes feature a low-energy absorption band in the 350-500 nm
region, attributed to a Pt—diimine 'MLCT transition. This assignment is
supported by the influence of the substituents on Amax. Thus, for Series I,
the energy of the band decreases by a total of nearly 3000 cm™! over the
sequence 4 < 5 < 6 < 7, as the substituents become increasingly electron-
withdrawing (or less strongly donating), and the diimine 7* (LUMO) energy
decreases. Similarly, the emission maxima decrease in energy by 3900 cm™!
over the same sequence. The 77 K spectra are strongly blue-shifted com-
pared to the 298 K spectra, consistent with a large outer-sphere reorganiza-
tion energy upon formation of the excited state, and hence with a *MLCT
assignment.

These conclusions were supported by transient absorption spectroscopy,
which revealed signals corresponding to the formation of the diimine rad-
ical anion, with lifetimes in close agreement with the luminescence lifetimes.
Time-resolved infrared spectroscopy of the acetylide C = C bonds provides
further conclusive evidence for the MLCT assignment. Thus, in the ground
state IR spectrum of 4, there are two v(C=C) bands at 2115 and 2124 cm™!,
whilst the step-scan FTIR difference spectrum obtained 50 ns after irradi-
ation at 355 nm reveals bleaching of the parent bands, and the formation
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of a new excited-state band at 2142 cm™!. The shift of the v(C=C) bands to
higher frequency is consistent with an excited state of d(Pt)— 7*(diimine)
character: the formation of the excited state will be accompanied by a re-
duction in the electron density at the metal, and thus back-bonding from
the metal into the 7*(C=C) orbital will be reduced and the triple bond
strengthened.

The photoluminescence lifetimes and quantum yields of this series of com-
plexes decrease dramatically with decrease in the emission energy. A quan-
titative analysis reveals that In(}_ kp,) increases linearly with decreasing ex-
cited state energy, confirming that the energy gap law is obeyed for this
series (Fig.7). In passing, we note that Castellano, in a recent study, has
been able to reduce the extent of non-radiative deactivation in such com-
plexes by incorporating the two coordinated acetylides into a rigid cyclic
structure. The bidentate ligand tolan-2,2'-diacetylide (tdaH,) was used to ob-
tain Pt(tbbpy)(tda) 12, which displays a particularly high quantum yield of
luminescence and long lifetime (¢ = 0.52, T = 2.56 us in CH,Cl; at room tem-
perature) [30].

A
O

AN
Pl Il
o

4
W

For Series II (8-11), the lowest-energy absorption band decreases in en-
ergy in the order NO; > CF3 > OMe > NMe;, as the substituent on the ary-
lacetylide becomes more electron-donating, increasing the electron density
at the metal and hence lowering the !MLCT energy. However, trends in the
emission energy, lifetimes and quantum yields are not clear-cut for this se-
ries (e.g., the lack of correlation of kj, with excited state energy is clear from
Fig. 7). In particular, there is strong evidence for a 37-7* assignment of the
emissive state in the nitro-substituted complex 9, localized on the acetylide
ligands. For example, the emission maximum for this complex is virtually
the same at 80 K as at 298 K, the TRIR spectrum reveals only a very small
Av(C=C), and the transient absorption (TA) spectrum shows a very differ-
ent, broad absorption band that probably arises from the formation of the
nitrophenylacetylide radical anion [29].

A striking example of the interplay between 37-7* and *MLCT states
comes from Castellano’s group, who investigated complexes incorporating
acetylides bound to more highly conjugated aromatic units such as 1-pyrene,
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Fig.7 Energy gap law analysis for Schanze’s Pt(N”N)(-C=C-Ar), complexes in CH,Cl,
solution at 298 K: plot of In ) kyr versus the 0-0 energy. Reproduced from data in [29]
with permission. © (2001) American Chemical Society

l1-anthracene and 1-perylene [31]. For example, the absorption spectrum
of Pt(tbbpy)(-C=C-1-pyrene), 13 displays structured bands due to pyrene-
acetylide 7-7* transitions, at higher energy than the Pt—diimine !MLCT
bands around 450 nm. On the other hand, excitation into the MLCT bands
in fluid solution at room temperature produces long-lived (v = 48.5 pus) struc-
tured phosphorescence originating from the triplet w-7* state of the pyrene-
C=C units, which lies around 2800 cm™" lower in energy than the *MLCT
emission observed in Pt(dbbpy)(-C=C-Ph), (Fig. 8) [32]. Thus the MLCT ab-
sorption bands are able to sensitize triplet intraligand emission.

7/ A
(_;/
()

13 | I

The same group has also investigated alkyl and silyl acetylides, as opposed
to the aryl acetylides of most of the other studies. The o-donor strength of the
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Fig.8 Absorption (left) and emission (right) spectra of the bis-(pyrenylacetylide) plat-
inum complex 13 (solid lines) and of Pt(dbbpy)(-C=C-Ph), for comparison (dotted lines)
in deoxygenated CH,Cl, at room temperature; Aex = 480 nm. Reprinted with permission
from [32]. © (2003) American Chemical Society

acetylide is again found to be critical in determining the ease of metal-based
oxidation and hence the energy of the >MLCT-based emission. For example,
the emission maximum is blue-shifted from 557 nm for Pt(tbbpy)(-C=C-¢-
Bu), to 526 nm for Pt(tbbpy)(-C=C-SiMes), (CH,Cl; at RT) [33].

2.3.1
Applications of Acetylide Complexes

Metal complexes with MLCT excited states have long been of interest as
possible chromophores for promoting long-range, photoinduced charge sep-
aration (CS) in molecular triads of the form donor-chromophore-acceptor
(D-C-A). The initial short-range charge separation that occurs upon forma-
tion of the MLCT state may be followed by electron transfer from the complex
to the acceptor and then from donor to complex, leading to a D* - C— A~
state that may be long-lived if the thermodynamics of charge recombination
place it within the Marcus inverted region. The use of Pt(II) complexes for
this purpose, in the context of other metals such as Ru(II), has been reviewed
recently by Schmehl and Eisenberg [34].

The Eisenberg group has been investigating the utility of the Pt(N~N)
(-C=C-Ar); unit as the central chromophore in such systems. Thus the
complex 14 was prepared, incorporating phenothiazine (PTZ) donor groups
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linked to the acetylide ligands and a nitrophenyl group on the diimine serv-
ing as the terminal electron acceptor [35]. Electrochemical measurements,
in comparison with those on suitable model compounds, confirmed that the
sites of most facile reduction and oxidation are associated with the nitro-
phenyl and PTZ groups, respectively, rather than the Pt chromophore itself,
and hence that the triad can, in principle, function in the desired way. That
it does so upon irradiation into the !MLCT band of the Pt chromophore
(rex =405 nm) was confirmed: (i) by the absence of luminescence, indicative
of the introduction of a rapid, competitive deactivation pathway compared to
parent Pt(NAN)(-C=C-Ar), complexes; and (ii) from the TA spectra, which
show bands attributable to the PTZ'* radical cation and the nitrobenzene
radical anion, as anticipated for a D¥ — C — A~ state. Based on the TA decay ki-
netics, the lifetime of the charge-separated state was estimated to be 70 5 ns

in DME
O2N /@ N/©
O « [ /C/QA | s “ /C/©/\ s
h N\Pt ° ©/ 3 N\Pt/C//
N Ca = N/ Cs
o \C\@ o
14 N 15 @[ND
O S

A series of model dyads were also studied [36]. Interestingly, although
dyad 15 displays emission quenching in acetonitrile and formation of a CS
state D* — C™ (where the negative charge is localized on the bpy), no such be-
havior is observed in toluene, wherein the complex is brightly emissive with
a luminescence quantum yield similar to the parent complex with no DPZ
pendant. This solvent dependence of charge separation has been interpreted
in terms of the differing extents to which the energies of the MLCT and CS
states are influenced by solvent polarity, the latter becoming the lowest energy
excited state only in the more polar solvents [36].

Che and Wong and co-workers have investigated the utility of platinum
diimine bisacetylides as vapoluminescent materials [37]. In particular, the
bis(4-pyridylacetylide) complex, Pt(tbbpy)(-C=C-4-py),, displays a dramatic
enhancement of green >MLCT luminescence in the solid state upon sorption
of chlorocarbon vapors, particularly CH,Cl,. The solid state-emission of this
material is dependent upon its crystallinity and the medium from which it
has been recrystallized. Thus, when crystallized from CH;Cl,/Et; 0O, the emis-
sion is almost identical to that in CH,Cl, solution, with a structured profile

peaking at 517 nm, whereas a powdered sample obtained by grinding the crys-
tals displays only very weak, broad and red-shifted, structureless emission

/ N\

S

C
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Fig.9 Growth of the emission from a thin film of Pt(dbbpy)(-C=C-4-py), upon exposure
to N saturated with CH,Cl, vapor (Aex = 350 nm, N flow rate = 12mL min~!, interval
between spectra = 2 min). The inset shows the emission spectral traces for this film upon
removal of the CH,Cl, vapor (N, flow rate = 90 mL min™!). Reprinted with permission
from [37]. © (2003) Wiley-VCH

(Amax = 640 nm). When the powder is exposed to CH,Cl;, vapor, the intense
green emission is restored; when subjected to heat or reduced pressure, it dis-
appears. Rapid “switching-on” of the emission of a 40 pm thin film on a glass
slide was observed upon exposure to N, gas saturated with CH,Cl, vapor
(Fig. 9), and the response was found to be reversible several times, offering
a detection limit of 25 ppm. The crystal structure of the material, crystal-
lized in the presence of dichloromethane, reveals one molecule of CH,Cl, per
complex, the disposition of which suggests that weak C-H-:--7(C=C) inter-
actions exist between the two acidic protons of the CH,Cl, molecule and the
bis(acetylide) moiety, and the presence of weak CI- - -Cl contacts between adja-
cent solvent molecules. It is suggested that the sensing mechanism arises from
the quenching of the excited state in the “off” or powder state, through inter-
molecular C - H- - -N(py) and/or Pt - -N(py) interactions. Diffusion of CH,Cl,
(or CHCl3) into the material results in expansion of the lattice and segregation
of the molecules, triggering the intense *MLCT emission.

24
Pt(NAN)(S"S) and Pt(N"N)(S-R)2

Since an initial report by Eisenberg in 1989 [38], a large number of plat-
inum(II) diimine dithiolate complexes are now known which are luminescent
in fluid solution. Although their emission is typically weak under ambi-
ent conditions, and some earlier examples had been noted to be emissive
only at 77 K [39], this class of complex is of considerable interest owing
to the wide range over which the excited state energies and redox poten-
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tials can be tuned. Early studies supported by electrochemical measurements
and extended Hiickel MO calculations indicated that, whilst the LUMO is
localized unequivocally on the N~N ligand, the HOMO probably has sub-
stantial contributions from both the metal d(Pt) and the thiolate ligand p(S)
orbitals [40,41]. A mixed MLCT/LLCT designation might thus be appropri-
ate, and the all-encompassing term “charge-transfer-to-diimine” has been
proposed [42].

In a landmark study, Cummings and Eisenberg explored two series of
Pt(diimine)(dithiolate) complexes in which the chelating ligands were sys-
tematically varied [43]. The first series consists of Pt(dbbpy)(dithiolate) com-
plexes, with six different 1,1- or 1,2-dithiolates (S"S) of varying electron
demand 16-21. In the second series, electron-donating or -withdrawing sub-
stituents were introduced into the N*N ligands, whilst the dithiolate was held
constant as toluene-3,4-dithiolate (tdt) 21-28. The strategy is effectively simi-
lar to that used in the study of the bis-acetylide complexes discussed above.
These two series of complexes offer dramatic support for the charge-transfer-
to-diimine formulation of the lowest-energy excited state. Thus, the lowest
energy absorption band red-shifts in absorption by > 4000 cm™ in Series II,
on going from Pt(tmphen)(tdt) through to Pt(4,4'-(EtCO;),-bpy)(tdt), as the
electron-accepting nature of the diimine increases. A good correlation with
Hammett constants is observed for the substituted bipyridine ligands. There
is a similar range of energies for Series I. Overall for the two series, the

S CN S CN S
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=N 8 _ 16 17 18
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absorption energy can be tuned by an enormous 8160 cm™! (in CH,Cl, solu-
tion). Similar trends are clear in the 77 K emission spectra, where the energies
of the emission maxima vary over a range of 7400 cm™! (Fig. 10).

A further key feature is the very strong negative solvatochromism exhib-
ited by these CT bands, as exemplified by Pt(dbbpy)(tdt) in Fig. 11. The shift
to higher energy in solvents of increasing polarity is typically indicative of an
excited state that is less polar than the ground state. This can be understood

AR RAREEREREN RAREERASSS e IGRAAS AR
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N | L AN
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Fig.10 Charge-transfer-to-diimine emission bands of the dbbpy series of complexes 16-
21 with varying dithiolate (top), and the toluenedithiolate series 21-28 with varying
diimine (bottom). The spectra were recorded in frozen butyronitrile at 77 K; their inten-
sities have been normalized. Reprinted with permission from [43]. © (1996) American
Chemical Society
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Fig.11 Charge-transfer-to-diimine absorption band for 21 in (a) CH3CN, (b) DMSO,
(c) DME (d) THE, (e) CH,Cl,, (f) C¢Hg, and (g) CcH5CHjs. Reprinted with permission
from [43]. © (1996) American Chemical Society

here in terms of the dipolar charge distribution in the ground state, which
is greatly reduced in the excited state: the charge-transfer axis lies colinear
with the dipole axis. The authors devised an empirical solvent scale based on
the results for Pt(tbbpy)(tdt) to assess the relative degree of solvatochromism
for the other complexes: the slopes of the plots of energy versus solvent pa-
rameter were of a similar magnitude for all the complexes, suggesting the
same type of excited state in each case, and a similar degree of charge re-
distribution. Since the formation of a charge-transfer-to-diimine excited state
formally involves the oxidation of a HOMO having dithiolate and metal or-
bital character and reduction of a diimine-based LUMO, a linear correlation
should exist between the excited state energy and the difference between the
ground state oxidation and reduction potentials [44, 45]. For the present se-
ries of complexes, a good correlation is indeed observed (Fig. 12).

The quantum yields of the complexes are of the order 10°-107#, and
lifetimes are in the range 1-1000 ns in CH,Cl, at 298 K. Radiative decay con-
stants decrease with decreasing energy, although not with the strict cubic
dependence predicted by the Einstein coefficient if the electronic transition
moment were to remain constant. Non-radiative decay of the Series II com-
plexes follows the energy gap law, with In(>_ ky,) increasing approximately
linearly with decreasing excited state energy. No such correlation was ob-
served for Series I, where there is more structural variation between com-
plexes.

Investigations into bis-thiolate (as opposed to chelating dithiolate) com-
plexes, Pt(NAN)(SAr),, have also revealed heavily mixed p(S)-p(Ar)/d(Pt)
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Fig.12 Plot of emission energy (from 77 K butyronitrile spectra) against the difference
between the ground state oxidation and reduction potentials for 16-29, and the linear
least-squares fit. Reprinted with permission from [43]. © (1996) American Chemical So-
ciety

HOMOs and N”~N-based LUMOs, using techniques such as spectroelectro-
chemistry and resonance Raman spectroscopy [46,47]. These complexes,
however, usually have shorter-lived excited states, and solution-state emis-
sion is unusual. The technique of time-resolved IR spectroscopy described
in Sect. 2.1 has again proved useful here in probing these short-lived ex-
cited states. For example, the decay of the charge-transfer-to-diimine ex-
cited state in Pt(bpy)(p-S-CsF4-CN),, monitored through observation of the
excited state C=N stretching vibrations, displays initial vibrational cool-
ing on a 2ps timescale, and back electron transfer with a lifetime of
35 ps [47].

Finally, we note recent work on thiocyanate complexes. Thiocyanate is
a well-known ambidentate ligand in transition metal chemistry, which can
coordinate to metal ions either through nitrogen (M — NCS) or through sul-
fur (M — SCN). The controlled switching between such isomers - which may
have quite different properties - is of interest in many fields. Kato and Kishi
have succeeded in isolating and obtaining the crystal structures of the three
linkage isomers Pt(bpy)(SCN)2, Pt(bpy)(SCN)(NCS) and Pt(bpy)(NCS),, and
have investigated their interconversion (Scheme 1) [48]. The first is the kinet-
ically favored product, which is converted thermally to the third in a stepwise
manner in solution via the second. Stepwise reverse isomerization occurs
upon irradiation in the near-UV. In the solid state, Pt(bpy)(SCN), converts
directly to Pt(bpy)(NCS),, suggesting a concerted flipping of the two thio-
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in crystalline state

[ [ [
) ) = N\ /SCN thermal 75°C = N\ /NCS thermal 75°C =z N\ /NCS
in solution Pt - e Pt T Pt
7N\ - 7\ - 7N
= =z =z
|N SCN UV 330 + 50 nm |N SCN UV 330 + 50 nm |N NCS
N N XN
Amaxs™ / nm (at 77K)
crystal 657 604 708
glassy solution 630 610 459
Likely excited d(Pt)/p(S)-n*(bpy) d(Pt)/p(S)-n*(bpy) crystal do*(Pto)-n*(bpy)

state assignment glass n—m*(bpy)

Scheme1 Linkage isomers of bis(thiocyanate)(2,2'-bipyridine)platinum(II), their in-
terconversion, and their emission maxima and excited states at 77 K. Based on data
from [48]

cyanate ligands. The different isomers have different emission properties, as
summarized in Scheme 1.

241
Photo-oxidation Chemistry of Thiolate Complexes

Extensive work by Srivastava in the 1980s revealed that many Pt(II) diimine
complexes are able to sensitize the formation of singlet oxygen (10;) in
aerated solutions [49]. During this work, it was found that thiolate ligands
could undergo photoinduced decomposition in oxygenated solutions [50].
Schanze et al. noted contrasting behavior in the oxidative photochemistry of
Pt(dbbpy)(dpdt) and Pt(dbbpy)(edt) in the presence of O, (dpdt = meso-1,2-
diphenyl-1,2-ethanedithiolate; edt = 1,2-ethanedithiolate) [51]. Irradiation
into the charge-transfer-to-diimine band of Pt(dbbpy)(dpdt) in air-saturated
MeCN led to bleaching of this band (Anax466 nm) accompanied by the growth
of a new band at lower energy (Amax582nm). On the basis of IH NMR
and HRMS, this was interpreted in terms of the conversion of the dithiolate
into the more strongly electron-donating dithiolene by hydrogen abstrac-
tion (Scheme 2a). In contrast, although irradiation of Pt(dbbpy)(edt) under
similar conditions also led to the bleaching of the CT band, no new low-
energy band was formed. In this case, photooxidation of one or both of the
thiolate ligands to sulfinates (-SO;R) was proposed on the basis of HRMS,
although the products were insufficiently soluble for conclusive evidence
to be obtained. Subsequently, Connick and Gray investigated a closely re-
lated complex, Pt(bpy)(bdt) (bdt = 1,2-benzenedithiolate) [52]. They were
able to obtain crystal structures of the sulfinate Pt(bpy)(bdtO,) and disulfi-
nate Pt(bpy)(bdtO4) complexes as photoproducts (Scheme 2b). Both studies
concluded that the first step in the photooxidation is energy transfer from
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Scheme 2 Photo-oxidation of (a) Pt(dbbpy)(dpdt) leading to the corresponding dithio-
lene complex [48]; (b) Pt(bpy)(bdt) leading sequentially to the sulfinate and disulfinate
complexes [22]

the CT excited state of the complex to >0, to generate '0,, followed by
its reaction with the ground-state of the complex, possibly involving con-
version of 10, to Oy~ (superoxide). Interestingly, O,'~ is not formed in
the initial excited state quenching reaction, despite the large driving force
for the process, suggesting that it is kinetically disfavored by being highly
inverted [52].

24.2
Dimeric and Trimeric Complexes with Bridging Sulfurs

Sulfur’s ability to bridge transition metal ions is well known, and there
are numerous examples in platinum chemistry. Amongst those containing
Pt(diimine) fragments, Che’s group has described some intriguing trian-
gulo trimetallic structures comprising three Pt(NAN) moieties supported
by two triply bridging sulfide ligands [53]. The broad, unstructured emis-
sion observed in the solid state for these [Pt3(N”~N)3;(ut3-S);2](ClOy4); salts,
both at 77K and 298 K, was tentatively assigned to metal-centred excited
states. A charge-transfer-to-diimine state is unlikely here, given the similar-
ity in emission energy for an analogue containing a diphosphine in place
of the diimine, where the phosphine 7* orbital would be much higher
in energy.

Kato and co-workers have found that a pair of pyridine-2-thiolate (2-pyS)
ligands can bridge between two Pt(bpy) units, either to give the anti iso-
mer, in which there is a head-to-tail arrangement of the two bridging ligands
and an N3S coordination environment around each Pt center (Fig. 13a), or
the syn isomer, with head-to-head pyridinethiolates and where one Pt cen-
ter is bonded to four nitrogen atoms whilst the other has N,S; coordination
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Fig.13 Single crystal X-ray structures of the a anti, and b syn isomers of [Pt(bpy)(2-
pyS)]2. Reprinted with permission from [54]. © (2002) Wiley-VCH

(Fig. 13b) [54]. Crystals of the anti isomer display intense orange emission
at room temperature (Amax = 603 nm; 7 = 240 ns) (Fig. 14a). Given the close
separations of the Pt centers in the dimer (2.997(1) A), there will be substan-
tial interaction of their d,, orbitals to generate an antibonding (do*) orbital,
such that the luminescence is probably due to an MMLCT state (Sect. 2.1).
The desolvated syn form emits at slightly longer wavelength (Amax = 644 nm),
possibly due to the shorter Pt---Pt separation in this isomer (2.923(1) A)
(Fig. 14b). This form is particularly interesting since the color of the crys-
tals darkens and the emission red-shifts substantially upon exposure to ace-
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Fig.14 Luminescence spectra of [Pt(bpy)(2-pyS)], at room temperature: (a) the anti
isomer, (b) the light-red form of the syn isomer, and (c) the dark-red (solvated) form
of the syn isomer. See Fig. 13 for corresponding structures. Reprinted with permission
from [54]. © (2002) Wiley-VCH

tonitrile vapor (Fig. 14c). Other solvent molecules, provided they are quite
small (e.g., CH,Cl, but not CHCl3; EtOH but not t-BuOH), induce a simi-
lar effect. This vapochromic behavior, somewhat similar to that described
in Sect. 2.3, seems to be related to the presence of channels in the crystal
structure, into which the solvent molecules probably enter, perhaps favor-
ing intermolecular contacts between the Pt centers of neighboring dimeric
molecules: the Pt- - -Pt separation between the dimeric molecules in the sol-
vated form is 3.384(1) A.

2.5
Pt(NAN)X, (X = N-, C- and O-coordinating Ligands)

Gray and co-workers discovered that, for complexes containing pyrazolate an-
cillary ligands X, the introduction of methyl substituents into the pyrazole
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ring leads to a remarkably clear-cut cross-over in the parentage of the emis-
sive excited state [55]. For example, Pt(bpy)(pz), 29 displays highly struc-
tured green luminescence at 77K from the bpy >7-7* state. On the other hand,
the emission is orange to red for Pt(bpy)(dmpz), 30 and Pt(bpy)(tmpz),
31, and the spectral profiles are broad and unstructured (dmpz = 3,5-
dimethylpyrazolate; tmpz = 3,4,5-trimethylpyrazolate). This is interpreted in
terms of the known strong influence of methyl substitution in destabilizing
the N lone pair and ring 7 orbitals of pyrazole, which will have the effect of
increasing o and 7 donation to the metal. The concomitant destabilization of
the metal d levels lowers the energy of the °MLCT d(Pt)— 7*(bpy), to which
the emission is assigned.

Organometallic complexes containing metal-carbon(aryl) bonds have also
been reported that are emissive from states of MLCT character, for example,
the bis-mesityl complex 32 and analogues with other diimines [56]. Such car-
bon ligands are also very strongly electron-donating, and could be thought
of as somewhat analogous to the methylated pyrazoles. Interestingly, we note
in passing that complex 32 is unusual in that it can be reversibly oxidized to
a remarkably persistent d’ Pt(III) species, an effect attributed to the effective
protection of the axial positions by the two mesityl groups. This contrasts to
the irreversible oxidation chemistry normally observed for Pt(II) complexes
of the type discussed in this Chapter, and as found, for example, for 33, which
has only one such mesityl unit.

Oxygen ligands on their own are generally not suitable for forming stable
complexes with the soft Pt(II) ion, but in combination with other ligands such
as diimines, complexes with high thermodynamic stability can be obtained.
For example, the ligand salen, N,N’-bis(salicylidene)-1,2-ethylenediamine,
well known for its many catalytically active 1st row transition metal com-
plexes, forms a highly luminescent platinum(II) complex 34 [57, 58]. Closely
related ligands based on dpphen or tbbpy appended with ortho-phenoxy
groups also give Pt(II) complexes that are strongly luminescent in solu-
tion [59]. For example, complex 35 displays a broad structureless emission
centred at 586 nm, T = 5.3 us, ¢ = 0.6. The emission is attributed to a state
of mixed Pt(d)/O(p)— 7*(N~N) charge-transfer character, where O(p) rep-
resents a lone pair of electrons on the phenoxide oxygen atoms.

34 35
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3
Pt complexes with NAN~N Terdentate Ligands

3.1
Introduction

The platinum terpyridyl complex [Pt(tpy)Cl]* 36 has been known since
1934 [60], and derivatives with other ligands in place of Cl were investigated
in the 1970s as DNA intercalators [61]. However, it is since the early 1990s that
the excited state and luminescence properties of Pt(II) terpyridyls have been
investigated in detail, yielding a wealth of interesting systems with a rich var-
iety of emissive excited states, subtly tuned according to the structures of the
ligands. Much of the pioneering work on both the influence of the fourth lig-
and and the effect of substituents in the tpy has been led by McMillin and
co-workers. Several groups have been exploring the chemistry and excited
state properties of acetylide derivatives [Pt(tpy)(-C=C-R)]*, analogous to the
bpy systems of Sect. 2.3.

One of the features of terdentate complexation is the additional rigid-
ity imparted on the resulting complex, compared to bidentate systems. The
d-d excited states of Pt(N~N) complexes are unstable with respect to a Dy
distortion, namely a twisting of the plane of the N”N ligand relative to
that of the other two ligands, away from the D4, square planar configu-
ration and towards a tetrahedral conformation [62, 63]. Such distortion fa-
cilitates non-radiative decay by promoting coupling with the ground-state
(Fig. 2) [64]. Terpyridines have a strong preference for a planar geometry:
there is therefore very little scope for D,; distortion in the complex, and
non-radiative decay in this way should be greatly reduced. However, the bite
angle of terpyridine is not ideal for second and third row transition metal
ions: crystal structures typically reveal that whilst the central M —N bond
length is similar to that in a corresponding bpy complex, the lateral M — N
bond lengths are usually lengthened beyond the ideal values, due to the
constraints imposed by the rigidity of the ligand. Thus, the ligand field is
reduced, and the d-d excited states that promote thermally activated non-
radiative decay are lowered in energy [65]. The situation is reminiscent of
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that found in ruthenium(II) chemistry, where [Ru(tpy)2]2+ is almost non-
emissive under ambient conditions, in contrast to [Ru(bpy)s;]** [44, 45, 66].
However, in the case of Pt(tpy) complexes, by using a strong-field ancillary
ligand in the fourth position, this effect can be counteracted [65]. A further
key difference between [Pt(tpy)X]™ and Pt(bpy)X, analogues is that the tpy
complexes are cationic (for X = monoanionic ligand). The identity of the
counter-anion can be crucial in influencing the properties, particularly in
the solid state.

3.2
[Pt(tpy)ci]*

The simple chloro complex highlights both of the above features very well.
Thus, the color of the compound is highly dependent upon the identity of
the counteranion; e.g., the ClO4~ salt is deep red, the Cl™ and CF3S0;" salts
orange, and the PF¢~ salt yellow [67]. On the other hand, irrespective of the
counterion, the [Pt(tpy)Cl]* cation is essentially non-emissive in fluid solu-
tion at RT, attributed to the weak ligand field and hence low energy of the
d-d excited states through which radiationless decay to the ground state oc-
curs [67, 68].

The absorption spectra of [Pt(tpy)Cl]* salts in solution show two sets
of bands. Intense, structured bands occur at wavelengths less than about
350 nm, attributed to intraligand 7-7* bands similar to those shown by
Zn(tpy)Cl, [68]. The somewhat weaker bands in the 350-450 nm range are
assigned to MLCT transitions: they have no counterpart in the zinc complex,
which acts as a model in which the metal center cannot be oxidized and where
low-energy d-* excited states are thus not possible.

In dilute glassy solution at 77 K (< 10 uM), [Pt(tpy)Cl]* salts are emis-
sive, displaying a sharply structured luminescence spectrum (120 =465 nm)
with a vibronic progression of about 1400 cm™ typical of tpy vibrational
modes [67]. Based on the observation that the spectrum is almost iden-
tical to that of [Pt(tpy)NH3]2+ [69] and similar to that of Zn(tpy)Cl,
(A%0 =435nm [70]), the emission can be assigned unambiguously to a >7-
7" state localized on the terpyridine. Moreover, a weak feature is observed
at 463nm in the excitation spectrum, corresponding to formally spin-
forbidden, ground-state absorption to the >z-7* state. That the lowest triplet
excited state is w-7* in nature, whereas the lowest singlet excited state from
the absorption spectrum is !MLCT, reflects the fact that singlet-triplet split-
ting is typically much smaller for d-7* excitations [71].

At higher concentrations in frozen glasses, additional features are ob-
served: a broad, weakly structured band centred around 600 nm, and an
unstructured band at 720 nm. These have been assigned to aggregated forms
involving -7 and metal-metal do*-7* interactions, respectively [67]. In the

solid state (as opposed to glasses), aggregate emission is typically observed,
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Fig. 15 Low-temperature emission from salts of [Pt(tpy)Cl]*. (A) 37-* emission from the
SbFs~ salt in a butyronitrile glass at 77 K; (B) 3MLCT emission from solid [Pt(tpy)Cl]SbF
at 100K; (€) 3MMLCT emission from solid [Pt(tpy)Cl]SO3CF3 at 100 K. Reprinted
from [65] with permission from Elsevier

but the behavior is strongly influenced by the identity of the counteranion, as
exemplified by the dramatic difference between the SbFs~ and CF3S03~ salts
(Fig. 15) [65].

33
[Pt(tpy)X]*

Replacement of the chloride ligand in [Pt(tpy)Cl]* by other, stronger-field
ligands, can lead to emission being observed in fluid solution at RT, as the
normally deactivating d-d states are pushed to inaccessible energies. For
example, for the complexes with X = NCS, OMe and OH, the corrected emis-
sion maxima and lifetimes are 588 nm (3.5 ns), 654 nm (180 ns) and 621 nm
(170 ns), respectively, in degassed MeCN [68]. The broad, unstructured emis-
sion profiles and high radiative rate constants are suggestive of a *MLCT
assignment. Substantially longer emission lifetimes are observed in CH,Cl,,
and this may reflect the ability of MeCN to act as a quencher of the d-7*
excited state through interaction at the open (axial) coordination sites [72].
Interestingly, the emission of [Pt(tpy)(OH)]* is quenched in water,
but is restored upon intercalation with double-stranded nucleic acids
[poly(dA-dT)], and [poly(dI-dC)], [73]. Although intercalation can also
occur at G-C-rich sequences - and indeed it does so more strongly than
for A-T - emission is then quenched by electron-transfer from guanine, the
most readily oxidized of the nucleobases. The initial intercalative interac-
tions are probably followed by covalent platination of the DNA, most likely by
purine-N7 displacing the OH ligand, reminiscent of cisplatin. The absorption
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spectrum shifts to higher energy, in line with a neutral fourth ligand, and the
emission is lost [73]. A similar “light switch” effect of [Pt(tpy)(OH)]™" has also
been observed upon formation of micelles in aqueous solution [74]. Emis-
sion is enhanced by a factor of > 103, and a luminescence lifetime of 100 ns is
measured, when the concentration of sodium dodecyl sulfate in water reaches
the critical micelle concentration (CMC).

More recently, McMillin, Field and co-workers have investigated the incor-
poration of C=N as the fourth ligand, achieved by treatment of the parent
chloride complex with AgCN [75]. Given that CN~ is one of the very strongest
of ligands in the spectrochemical series, its introduction into the coordina-
tion sphere of the Pt ion might be anticipated to raise the energy of the
normally deactivating d-d excited states even more, thereby favoring the
emission intensity and lifetime (cf. Sect. 2.2). However, the d-7* 3MLCT state
is also raised in energy by this substitution: the outcome is that the lowest-
energy triplet excited state is now the >7-7*, and not the MLCT. Thus,
a highly structured emission spectrum, with A%% of 465 nm is observed (as
for [Pt(tpy)Cl]* at 77 K). The emission is, in fact, very weak at room tempera-
ture (¢ = 4 x 107*), owing to the low radiative rate constant associated with
a 3w-7* transition having little metal contribution, and to the fact that the
emission originates from a relatively high energy state, so that deactivation
via the d-d may still be possible.

Monsut Scolaro and co-workers have prepared organometallic Pt(tpy)
derivatives containing methyl or phenyl ligands in the fourth coordination
site, [Pt(tpy)Me]* and [Pt(tpy)Ph]*, as well as their analogues with 4'-
phenyl-terpyridine [76-78]. There are close parallels between the behavior
of the methylated complexes and the chloro complexes, although the former
have an even stronger propensity to aggregate and stack in solution. The low-
energy 'MLCT bands in absorption are red-shifted compared to the chloro
complexes, in line with the stronger o-donating ability of Me and Ph com-
pared to CL. The emission spectra of the methyl compounds in MeOH/EtOH
glasses at 77 K are highly concentration dependent, displaying >7-7* struc-
tured emission in the 460-600 nm range at high dilution, which is accom-
panied, at high concentrations, by an unstructured low-energy band around
680-800 nm, assigned to a do*(Pt)— 7*(tpy) (MMLCT) state formed by ag-
gregation. An ill-defined band at intermediate energies is attributed to an
excimeric excited state involving -7 stacking, but is weaker than the cor-
responding feature observed in [Pt(tpy)Cl]* (Sect. 3.2), possibly due to the
greater electron-donating ability of Me favoring the metal-metal interaction
over the -. The phenyl derivatives display only the high energy 7-7* struc-
tured emission irrespective of concentration, which can be rationalized in
terms of the steric influence of the phenyl group in inhibiting close intermole-
cular contacts.

Thiolate adducts of the Pt(tpy) unit have been investigated, particularly
in the context of the design of DNA intercalating agents [61,79,80]. Those
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studies which have focused on the nature of the excited states have gen-
erally concluded that the intense, low-energy bands typically observed in
such complexes in the 500-600 nm region are due to pm(RS™)— 7*(tpy)
charge-transfer transitions, possibly mixed with some Pt(d) — 7*(tpy) char-
acter, in line with the conclusions for Pt(N~N)(SR), complexes discussed in
Sect. 2.4 [81-84]. However, very few of the terpyridyl complexes have been
reported to be emissive, Che’s study of the pyrimidine-/quinoline-2-thiolate
and dithiouracil adducts - which are emissive both in the solid state and in
solution at 298 K - being a notable exception [53].

34
[Pt(4’-R-tpy)Cl]*

3.4.1
R = -C=N or Heteroatom

The introduction of substituents into the 4’-position of the terpyridine proves
to have profound effects on the photophysical properties of the platinum ter-
pyridyl moiety, and has led to the most strongly emissive and longest-lived
such complexes to date. The introduction of electron-withdrawing -C=N
or -SO,Me substituents stabilizes the ligand *, as indicated by a shift of
the ligand-localized reduction potential to less negative values [85]. Charge-
transfer excited states involving the tpy as the acceptor are therefore expected
to be stabilized, and indeed the 'MLCT absorption bands for these two
complexes are displaced to longer wavelength compared to the parent un-
substituted compound. The compounds are emissive in room temperature
degassed solution, with emission maxima (quantum yields) of 550 nm (0.005)
and 542 nm (0.002), respectively. The luminescence - which probably origi-
nates from a state of predominant >MLCT character - is clearly favored by
a stabilization of the CT state relative to the d-d, so that thermally activated
decay via the latter is inhibited (Fig. 16) [65].

Electron-donating substituents, such as -NMe, and -SMe would be ex-
pected to destabilize the MLCT states, as reflected in the more negative re-
duction potentials of the respective complexes [85]. Yet it transpires that,
not only do these complexes display room temperature luminescence with
emission maxima very similar to that of the cyano complex, they are ac-
tually more intensely emissive with longer lifetimes. Indeed, [Pt(4'-Me;N-
tpy)Cl]* has a very impressive quantum yield of 0.08 and a long lifetime of
1.9 pus in degassed CH,Cl, at room temperature [85]. This remarkable re-
sult has been interpreted by McMillin in terms of the influence of the lone
pairs on the substituents, which can give rise to transitions with signifi-
cant intraligand, substituent-to-terpyridine charge transfer (ILCT) charac-
ter. Although such transitions occur in the UV region in the case of the
free ligands, they shift to lower energy upon complexation of the tpy to
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Fig. 16 Schematic of the trends in excited-state energies in [Pt(4'-R-tpy)Cl]* complexes,
showing the mixing of the ILCT state for the amino-substituted complex. AE represents
the barrier to deactivation via a >d-d state. Reproduced from data in [65] with permission
from Elsevier

the positively charged metal ion. A configuration interaction between the
JILCT and *MLCT states leads to a lowest energy transition of mixed or-
bital parentage that occurs at lower energy than either of the two constituent
excited states (Fig. 16). Part of the reason for the particularly long lifetime
may be due to the fact that formation of the ILCT excited state is accom-
panied by relatively little change in equilibrium geometry, since the elec-
tron density is effectively displaced sideways to the peripheral rings rather
than along the dipole axis. As noted in the introduction, the smaller the
distortion, the weaker the coupling to the ground-state, favoring radiative
over non-radiative decay. Replacement of the chloride ligand by cyanide
now does further enhance luminescence, as the barrier to deactivation via
the d-d state is raised. Thus, [Pt(4-Me;N-tpy)CN]* has a remarkably high
quantum yield of 0.26 and long lifetime of 22 us in degassed CH,Cl, at
RT [75].

A key observation that supports the notion of ILCT character is the de-
creased susceptibility of these complexes to exciplex quenching. This nor-
mally occurs by attack of Lewis bases at the vacant coordination sites of the
metal, and is promoted for MLCT excited states by the increased electrophilic-
ity of the metal in the transient, formally oxidized + 3 state, in effect by the
“hole” generated on the metal [85]. Contribution of ILCT character serves to
delocalize the hole away from the metal and onto the ligand.

3.4.2
R = Aryl

Che et al. reported that the introduction of aryl rings (i.e., R = p-R’-CeHy —
where R’ = MeO, Me, Br, or —CN) into the 4'-position of the tpy leads
to complexes which are emissive in fluid solution, with Am.x in the range
530-580nm, v ~ 1ps and ¢ ~ 10 (102 for R’ = p-MeO) in degassed
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MeCN [69]. These results were interpreted in terms of the increased energy
gap between the emissive >MLCT and deactivating d-d states.

More recently, McMillin has explored the influence of larger, fused-ring
aromatic substituents which are relatively easily ionized (e.g., R = 1-naphthyl,
9-phenanthryl, 1-pyrenyl) [70, 86]. Perhaps the most remarkable system here
is the 1-pyrenyl system 37, which has an astonishingly long luminescence life-
time of 64 s in deoxygenated CH,Cl, at room temperature, Amax = 685 nm.
In aerated solution, the complex displays a higher energy, much shorter-lived
emission band, Amax = 640 nm and t = 1.0 ns, with an excitation spectrum
identical to that of the 685 nm band. This 640 nm band is seen as a shoulder
in the degassed spectrum (Fig. 17). The results have again been interpreted
in terms of the involvement of ILCT states, in this case, dual emission from
both the singlet and triplet states. Thus, the fast emission at 640 nm is at-
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Fig. 17 Spectra of [Pt(4’-Ar-tpy)Cl]* complexes in CH,Cl, at room temperature. Absorp-
tion spectra: (A) Ar = Ph; (B) Ar = pyren-1-yl. Uncorrected emission spectra: (A’) Ar =
Ph (deoxygenated solution); (B') Ar = pyren-1-yl (deoxygenated); (B”) Ar = pyren-1-yl
(air-equilibrated solution). Reprinted from [65] with permission from Elsevier
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tributed to fluorescence from a 'ILCT state, involving pyrene as the donor.
This interpretation is supported by the similar broad, structureless emission
band displayed by Zn(4’'-pyren-1-yl-tpy)Cly, also assigned to ILCT emission,
the higher energy of which (Apax =488 nm) can be satisfactorily accounted
for by the more negative first reduction potential of the Zn?* compared to
the Pt>* complex. The long-lived emission of the Pt complex in deoxygenated
solution must emanate from a state that comprises not just *ILCT charac-
ter, but also substantial 3MLCT and 37-7* character that serve to increase
the radiative rate constant compared to the low value expected in the absence
of Pt. The relatively long triplet lifetime is sufficient to allow thermally acti-
vated repopulation of the singlet state, leading to the 640 nm shoulder in the
deoxygenated spectrum (Fig. 17).

3.5
[Pt(tpy)(-C=CR)]"

As in the bpy systems of Sect. 2.3, the introduction of strong-field acetylide
ligands into the fourth coordination site might be anticipated to lead to lower-
energy, charge-transfer-to-terpyridine transitions whilst raising the energy
of deactivating d-d states, promoting luminescence over non-radiative decay.
A number of studies have confirmed that many [Pt(tpy)(-C=CR)]* complexes
are indeed luminescent in fluid solution, and some impressive quantum
yields have now been obtained. A subtle difference compared to the platinum
bipyridyl acetylides relates to the contribution of ligand-to-ligand charge
transfer character to the lowest energy excited state. Castellano et al. have
highlighted this point in the comparison of the -C=C-¢-Bu and -C=C-Ph
derivatives of the Pt(dbbpy) and Pt(tbtpy) systems [31]. These two acetylides
have essentially identical o-donor strengths, so little difference would be
expected between their respective Pt—NAN (or Pt—NAN”"N) energies for
a transition which has predominant MLCT character. Whilst this holds true
for the pair of bpy complexes, the absorption spectra of [Pt(tbtpy)(-C=C-¢-
Bu)]* and [Pt(tbtpy)(-C=C-Ph)]* are rather different from one another in
the low energy region, the phenylacetylide system showing a much broader
band extending further into the red, and apparently comprising additional
transitions. This probably reflects a greater contribution of acetylide 7 (C=C)
character to the HOMO for the phenyl acetylide system, leading to low-energy
LLCT transitions. The lowest energy (emissive) state may then be better de-
scribed as heavily mixed MLCT/LLCT, much like the Pt(N”N)(dithiolate)
complexes in Sect. 2.4.

These conclusions have been reinforced by at least two recent, detailed
theoretical studies using TD-DFT calculations [87, 88], which reveal that the
proportion of Pt(5d) metal character in the HOMO falls from around 25%
for alkyl acetylides (R = n-propyl) to around 10% for phenylacetylide, the
m(C=C-R) character increasing correspondingly. For an aryl acetylide with
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a strongly donating amino substituent, -C=C-C¢H4-NHj, the metal character
in the HOMO falls to a meagre 4%, which is lower even than its contribu-
tion to the LUMO, so that the HOMO in this instance could be characterized
unambiguously as acetylide-based [87].

In their first study of complexes of this type, Yam and co-workers prepared
[Pt(tpy)(-C=C-Ar)]* salts with a range of p-substituted aryl groups [89]. The
emission energies follow the trend that would be expected for luminescence
from an *MLCT state; e.g., the energies in MeCN solution at RT decrease in
the order Ar = -CgH4NO,> -CgHyCl > -CgHs> -C¢HyMe, as the electron-
donating power of the acetylide substituent increases. However, the quantum
yields are quite low in solution, 10-102. Superior quantum yields have
been obtained in a related set of complexes prepared by Tung et al., containing
4'-tolyl-terpyridine (ttpy) in place of tpy, and including alkyl as well as aryl
acetylides. For example, for [Pt(ttpy)(-C=C-CH,OH)]*, ¢ = 0.30 in CH,Cl,
at 298 K [90]. Again, the emission energies were found to decrease as the
electron-richness of the acetylide increases.

Both research groups have noted the adverse effect on the emission prop-
erties exerted by strongly electron-donating aryl groups on the acetylide,
especially anilines and phenols. Yam et al. found that 4-methoxyphenyl,
3,4-dimethoxyphenyl, and benzo-15-crown-5- substituted complexes are not
emissive in fluid solution [82]. Dialkylamino substituents, including N-
15-monoazacrown-5, have a similarly adverse effect on emission [91,92].
These complexes display an intense, low-energy absorption band in solution,
around 550 nm, which is attributed to a low-lying excited state of intrali-
gand charge transfer character, a conclusion strongly reinforced by the recent
DFT studies mentioned above. Presumably, this state serves to deactivate the
3MLCT state. On the other hand, it can be put to advantage in the construc-
tion of sensory systems, since the binding of the lone pairs of the amine or
phenolic heteroatoms to metal ions or protons will raise the energy of the
ILCT state, and emission is then “switched on”. The induction of emission
from the complex [Pt(tpy)(-C=C-p-benzo-15-crown-5)]* 38 upon binding of
Mg?* ions offers an example of this effect (Fig. 18) [93].

Intriguing aggregation effects have been observed for some Pt(tpy)
acetylide complexes, involving Pt-Pt interactions that give rise to low energy
do* (Pty) — 7™ (tpy) (MMLCT) states, resembling those discussed earlier
in this Chapter. For example, [Pt(tpy)(C=C-C=CH)]OT{ crystallizes in two
distinct forms, a red form with a dimeric structure with alternating Pt- - -Pt
distances of 3.394 and 3.648 A, and a green form with equally spaced plat-
inum atoms (3.388 A apart) [94]. Upon dissolution in acetonitrile, both forms
give a yellow solution with the same UV-vis spectra, and aggregation is ruled
out for concentrations up to 2 x 10~ M on the basis of the good agreement
with the Beer-Lambert law. However, the addition of diethyl ether results in
a color change from yellow through green to blue, accompanied by the ap-
pearance of a low energy emission band centred at 785 nm. This dramatic
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Fig.18 Growth of emission of 38 in MeCN (2.5 x 107* M) upon addition of increasing
amounts of Mg(ClO,),. Inset shows relative intensity at 625 nm vs. [Mg?*] (squares) and
the 1: 1 fit (line). Reprinted from [93] by permission of the Royal Society of Chemistry

effect is attributed to an aggregation process, probably involving trimeric or
oligomeric species rather than simply dimers, and triggering the formation
of an MMLCT state in solution. A somewhat similar effect has been observed
upon addition of poly(acrylic acid) to the same complex in solution in the
presence of strong base. Under these conditions, the polymer is ionized, and
the interaction of the carboxylate groups of the polyanion with the cationic
Pt complexes results in the assembly of the latter, at intermolecular distances
appropriate to favor Pt- - -Pt interactions, signalled by the appearance of new,
low-energy absorption bands [95].
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Pt(tpy) acetylides have begun to be explored for photoinduced electron
transfer processes, as described for their bpy cousins in Sect. 2.3 [34, 96, 97].
The terpyridyl systems, through functionalization at the 4’ position, offer
the potential structural advantage of allowing linear connection of units
in a donor-chromophore-acceptor array [92]. Odobel et al. have explored
the rate of electron transfer between Zn- or Mg-porphyrin electron donors
and Pt(tpy) units as acceptors, linked via a p-phenylene-bisacetylene linear
bridge. Excitation of the porphyrin leads to fast electron transfer (2-20 ps)
to the Pt moiety, the rate displaying a Marcus-type variation with the driving
force, followed by very fast charge recombination [97].

3.6
[Pt(NAN~AN)X]* with other NAN~AN Ligands

Two limitations of terpyridine as a ligand for platinum(II) are the fact that it
is not rigidly planar when bound - there is still scope for distortion in the ex-
cited state, promoting non-radiative decay - and the poor bite angle which
leads to trans N-Pt-N angles of around 160°, compared to an ideal angle of
180° for maximizing the ligand-field strength.

Seeking to tackle the first of these issues, McMillin and co-workers have
investigated a series of partially rigidified terpyridine analogues, namely 2-
pyridylphenanthroline (php) and derivatives carrying methyl groups in the
phen moiety. Unlike [Pt(tpy)Cl]*, the new complex [Pt(php)Cl]* 39 proves to
be emissive in solution at room temperature: ¢ = 3.1 x 10~ and 7 = 0.23 ps in
degassed CH,Cl, [98]. Whilst variable temperature studies do indeed reveal
the sought-after sizeable energy gap between the emissive state and a de-
activating pathway (presumed to be the excited d-d levels), it is likely that
a major reason for the difference compared to tpy is that the excited state
has substantial 7-7* character, as evident from the pronounced vibrational
structure of the emission spectrum. The introduction of methyl groups into
the phen unit leads to a remarkable enhancement of the emission, particu-
larly for the 3,5,6,8-tetramethyl derivative for which ¢ = 0.055 and v = 9.3 ps
in CH,Cl,. This is probably due to the methyl groups inducing a drop in the
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energy of the >-7* excitation, thus enhancing its contribution to the excited
state character.

The second issue of how to relieve the strain in the terdentate ligand upon
binding, to obtain a more appropriate bite angle and stronger ligand field, has
been considered by Thummel and colleagues, who prepared the new ligand
2-(8'-quinolinyl)-1,10-phenanthroline 40 [99]. Note that this ligand resem-
bles php, but coordination to Pt(II) will lead to one 5- and one 6-membered
chelate, rather than the two 5-membered chelates in [Pt(php)Cl]*, so that
ring strain should be relieved. The studies showed that, although the acti-
vation barrier to thermally induced quenching is indeed increased with an
accompanying enhancement of the lifetime from 0.23 to 0.31 s, the augmen-
tation is only rather modest. By inspection of the X-ray crystal structure, it
is likely that the relieved ring strain is counteracted by more severe steric in-
teractions between ligands, leading to non-planarity and a weakening of the
ligand field.

2,6-Bis(benzimidazol-2-yl)pyridine (bzimpy) is a terdentate N/N”N-
coordinating analogue of terpyridine, of which, complexes with a number of
transition metal ions are known. Haga et al. explored the Pt(II) complex of
such a ligand incorporating long-chain C18 alkyl groups on the pyrrolic ni-
trogen atoms, 41, with a view to obtaining ordered Langmuir-Blodgett (LB)
films [100]. The complex is luminescent in dilute solution (Apax = 560 nm in
CHCl3), with a structured emission profile: the smaller HOMO-LUMO gap
in bzimpy compared to tpy probably results in greater w-7* character to the
lowest-energy triplet state. More concentrated solutions show an additional
emission band at 650 nm, with a corresponding new shoulder at 550 nm in the
excitation spectrum attributed to the formation of a "MMLCT state through
Pt — Pt interactions, much as in Gray’s study of [Pt(tpy)Cl]* described ear-
lier [67]. In contrast, such Pt — Pt interactions appear to be suppressed in the
LB films prepared. At low surface pressures (< 15 mNm™), the 7-7* emis-
sion is observed, but increases in surface pressure result in emission centred
around 580-600 nm, rather than the lower-energy Pt— Pt aggregate emis-
sion. It is proposed that this emission of intermediate energy is derived from
a ligand-ligand m-stacked species, involving partial -7 stacking of benzene
rings and pyridyl rings in two adjacent complexes.
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Connick and co-workers have found that the N,N-dimethylated bzimpy
Pt(II) complex, 42, displays interesting vapochromic effects [101]. When the
counterion is Cl7, thin films respond to vapors of MeOH, CHCl3;, EtOH and
MeCN by changing color within a few seconds from yellow to red. The PFs~
salt, on the other hand, responds only to MeCN, changing from yellow to vi-
olet. Emission spectra are also affected by the vapors, albeit more weakly. On
the basis of the spectroscopic evidence, it appears that the vapochromic re-
sponse is associated with a decrease in the Pt — Pt separation upon uptake of
the vapor, favoring the MMLCT [do* — 7*] transitions.

Finally in this section, we note that platinum(II) complexes of 2,6-bis(2’-
indolyl)pyridine, BIP, have also been explored [102]. Although superficially
similar to the bzimpy ligands, complexation of BIP involves deprotonation of
the indole nitrogens, so that the bound ligand is actually a dianion, more akin
to a cyclometallating ligand (vide infra) than to tpy and its relatives above.
The BIP complexes 43 and 44 are luminescent in CH,Cl; at 77 K (Apax = 572
and 589 nm, respectively) and in polycarbonate and PVK matrices at room
temperature. The emission is assigned to a predominantly >7-7* ligand-
centred excited state, with some Pt(d) contribution in the HOMO.

43 X =SMe,
44 X = pyridine
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4
Cyclometallated Complexes

4.1
Introduction

Cyclometallation refers to the binding of a polydentate ligand to a metal via
a covalent metal-carbon bond, the remaining bonds normally being coor-
dinate bonds from heteroatoms such as nitrogen in the ligand. Cyclometal-
lated complexes are thus strictly organometallic compounds. For example,
2-phenylpyridine (ppy) can bind to a variety of second and third row tran-
sition metal ions as an NAC ligand, forming a 5 membered chelate through
the carbon atom of the phenyl ring which is ortho to the link to the pyri-
dine (see the generic structures 45 and 46 below). Since the process involves
a net deprotonation of the aromatic C— H, cyclometallating ligands like ppy
are anionic, rather than neutral like bpy. The C™ ligating atom is a very strong
o donor, whilst the pyridyl group remains a good m-acceptor, so that these
ligands offer the metal ion a very strong ligand-field. The important conse-
quence for the photophysics and excited state properties is that the energy
of deactivating d-d states is raised compared to analogous NAN complexes,
much like the effect of acetylide ligands discussed earlier. Thus, many cy-
clometallated platinum complexes prove to be luminescent in solution under
ambient conditions, some of them intensely so. It is this feature that has led
to the intense recent interest in such compounds as triplet emitters in organic

light-emitting devices [103].
‘ N
%Pt<’\l>
45

e.g. NAN = en, bpy or phen
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4.2
Pt(N~C) Complexes with Bidentate Ligands

Von Zelewsky and Balzani showed in the mid-1980s that complexes such as
cis-Pt(thpy), {thpyH = 2-(2'-thienyl)pyridine} are luminescent in solution
(Amax =578 nm, T = 2.2 ps in PrCN/EtCN mix), whilst a number of other cy-
clometallating heterocycles form structurally related Pt complexes that are
emissive at 77 K, attributed to a 3MLCT state [104, 105]. Variable tempera-
ture emission studies subsequently confirmed that the energy gap between
the emissive state and the higher energy (deactivating) state is of the order
of 3700 cm™! in Pt(thpy),, sufficiently large to close off this pathway of de-
activation at room temperature [106]. A detailed review of the excited state
properties of Pt(thpy),, including very low temperature measurements at
1.3K in a Shpol’skii matrix, has been presented by Yersin & Donges in this
journal [107].

Such bis-cyclometallated complexes have been rather eclipsed over the
past decade by studies into compounds of the type [Pt(NAC)(LAL)]* and
Pt(NAC)(L"X), partly owing to their ease of synthesis. The formation of the
original Pt(N”C), compounds requires the use of the lithiates of the cy-
clometallating ligands, which are intolerant of many functional groups [104].
In contrast, the introduction of just one NAC ligand into the coordination
sphere of Pt(II) can normally be accomplished readily upon reaction with
simple salts such as K,PtCly, leading to chloro-bridged dimers (Eq. 1).

K,PtCly + NACH — (NAC)Pt(14-Cl),Pt(NAC) . (1)

The dimers can then be cleaved under mild conditions by LAL-coordinating
diamines or diimines, such as en and bpy to give [Pt(NAC)(N~N)]* com-
plexes 45 [108], or by bidentate anionic ligands L"X, such as B-diketonates
to give [Pt(NAC)(O"O)] complexes 46 [109]. The introduction of mon-
odentate ligands can be achieved similarly, leading to complexes such as
[Pt(NAC)Cl,]™ [108], [Pt(NAC)(CO)CI] [110], and [Pt(NAC)(CO)SR] [111].
Kvam and co-workers investigated the absorption and emission proper-
ties of [Pt(ppy)Cl2]7, [Pt(ppy)(en)]™, [Pt(ppy)(bpy)]™ and [Pt(bpy)(phen)]*,
using electrochemical data to assist in the assignment of the excited
states [108]. The complex [Pt(ppy)Cl,]~, containing weak-field chloride lig-
ands, is luminescent at 77 K, but not at RT. The strong temperature depen-
dence was attributed to a relatively small energy gap of 1700 cm™' between
the lowest emitting >MLCT state and the upper lying d-d states, the ther-
mally activated population of which can occur at RT, quenching the emission.
The en, bpy and phen derivatives incorporate stronger-field ligands: these
complexes are luminescent in DMF solution at 293 K, Amax ~ 486 nm with mi-
crosecond lifetimes. Direct population of the emissive triplet state is observed

as a weak feature at 482 nm for the en complex, for which a dp; — JT(*N AG)
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SMLCT assignment is clear-cut. On the other hand, for the bpy and phen
complexes, the electrochemical data indicate that the first reduction process
is localized on the diimine rather than the NAC ligand, and a dp; — 7,

(NN)
assignment is proposed in these cases [108].

A major systematic study of cyclometallated complexes of the form
[Pt(N~C)(O"0)] has been reported recently by Thompson et al. [109], one of
the pioneering groups investigating the application of transition metal com-
plexes as phosphorescent emitters in organic light-emitting devices. Twenty-
three different NAC ligands were investigated, including several containing
substituents in either the phenyl or the pyridyl rings of ppy, as well as some
more extended aromatic structures. Acetylacetonate (acac) and dipivaloyl-
methane (dpm) were used as the ancillary O*O-chelating ligands, the latter
augmenting the solubility of the complexes without significantly affecting the
optical properties. DFT calculations suggest that the HOMO levels in these
complexes comprise contributions from both Pt and ligand orbitals, while the
LUMO is largely localized on the NAC ligand. Electrochemical measurements
confirm these predictions, indicating that the reversible reduction waves ob-
served are N*C ligand-based, localized primarily on the pyridine ring, whilst
the irreversible oxidations are predominantly metal-based.

All of the complexes are intensely luminescent in glasses at 77 K, and sev-
eral — though not all - are also quite strongly emissive in fluid solution at
RT. The emission energies can be readily rationalized in terms of excited
states of predominant 3MLCT character. Thus, electron-withdrawing F or
CF; substituents on the 4’ and 6" positions of the phenyl ring of ppy in-
duce a blue shift in the emission, as the HOMO is stabilized (Fig. 19). On
the other hand, the incorporation of electron-donating ~-OMe or -NMe; sub-
stituents into the pyridyl ring raises the LUMO, also resulting in a blue shift.
The effects in the two rings are qualitatively additive, allowing quite sub-
stantial shifts towards the blue to be obtained (Fig. 19). Despite the high
energy emission, however, Pt(46dfp-4dmapy)(dpm), shown at the top of
Fig. 19, is scarcely emissive at 298 K: ¢ < 10 {46dfp-4dmapy = 2-(4',6'-
difluorophenyl)-4-(dimethylamino)pyridinato-N,C% }. Indeed, contrary to
the energy gap law, as the energy of emission increases in this series, there is
a corresponding decrease in the room temperature ¢ and t values. Presum-
ably, thermal activation to an MC state or a competing MLCT state on the
ancillary g-diketonate becomes significant for the higher energy complexes.
The complexes are susceptible to self-quenching and excimer formation,
and a detailed study has been carried out for Pt(46dfppy)(acac) (46dfppy =
2-(4/,6'-difluorophenyl)pyridinato-N,C¥) [112].

Meanwhile, complexes with more extended 7 systems, or with more po-
larisable atoms such as sulfur incorporated into the ring, have lower oxi-
dation potentials, and their MLCT excited states are correspondingly lower.
Figure 20 illustrates the increasing red-shifts observed upon going from
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Fig.19 From bottom to top: Emission spectra of Pt(ppy)(dpm), Pt(46dfppy)(dpm), and
Pt(46dfp-4dmapy)(dpm), in MeTHF at 77 K. In the partial structures shown, the O*O-
chelated dpm ligand has been omitted. Reprinted with permission from [109]. © (2002)
American Chemical Society
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Fig.20 From top to bottom: Emission spectra of Pt(bt)(dpm), Pt(pq)(dpm), and
Pt(btp)(acac), in MeTHF at 77 K. The OO-chelated B-diketone ligand is omitted from
the structures shown. Reprinted with permission from [109]. © (2002) American Chem-
ical Society

the complex with 2-phenylbenzothiazole, through 2-phenylquinolyl, to 2-(2’-
benzothiazole)-pyridyl.
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Large red shifts in the emission of Pt(NAC)(O"O) complexes have also
been achieved by the incorporation of stilbene pendants into the 4-position
of the pyridyl ring, as reported by Guerchais et al. [113]. Indeed, it proves
possible to extend the emission even further into the red through the in-
troduction of either electron-withdrawing or electron-donating substituents
into the distal aryl ring of the stilbene unit (Fig. 21). An interesting observa-
tion here is that photoinduced cis-trans isomerization of the C = C bond can
proceed readily and, at 77 K, the two isomers have very different emission en-
ergies, the cis form being about 4400 cm™' higher, with a similar vibrational
profile to the trans but insensitive to the substituent in the stilbene.

Thompson et al. have reported a set of pyrazolate-bridged Pt(N~C)
dimers, of the general formula (46dfppy)Pt(u-pz’),Pt(46dfppy), where pz’
= pyrazolate, 3,5-dimethylpyrazolate, 3-methyl-5-tert-butylpyrazolate or 3,5-
bis(tert-butyl)pyrazolate, as well as a monomeric analogue with an Et;B
unit coordinated in place of the second platinum [114]. Single crystal
X-ray crystallography reveals that the dimers adopt a boat-like conform-
ation, which brings the platinum centers relatively close together (Fig. 22).
Moreover, the introduction of the bulky substituents onto the pyrazolate
bridges forces the two Pt(N~C) moieties closer together: the Pt — Pt distances
range from 3.3763(7) A for pz = pyrazolate to 2.8343(6) A for 3,5-bis(tert-
butyl)pyrazolate, and Pt.--Pt interactions would be anticipated to be en-

X=
H OMe NO, NE,
T {l' ““‘ %

emission intensity

T T T T
600 650 700 750 800
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Fig.21 Emission spectra of stilbene-appended Pt(ppy)(acac) complexes in EPA at 77K,
showing the influence of the para substituent X; Aex = 400 nm
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Fig.22 ORTEP views of (46dfppy)Pt(u-pz),Pt(46dfppy), showing the boat-like conform-
ation that leads to short metal-metal separations. Reprinted with permission from [114].
© (2005) American Chemical Society

hanced accordingly. That this is the case is clear from the absorption and
emission properties. Thus, the complexes with one and two tert-butyl sub-
stituents are orange and red, respectively, with low-energy absorption bands
between 400 and 500 nm that have no counterpart in the other two dimers
or in the monomer, which are yellow. These additional bands are assigned to
MMLCT transitions. Similarly, in the 77 K emission spectra, these two com-
plexes display a broad, structureless, low-energy emission band, typical of
such a transition, whereas the other two complexes have vibrationally struc-
tured bands at higher energy, typical of the mixed >MLCT/’LC emission of
the Pt(N~C) monomeric complexes. In fluid solution, all four complexes are
able to collapse to the MMLCT excited state giving the red emission [114].

Anionic N*C-coordinated complexes incorporating two acetylide ligands,
[Pt(bzq)(-C=C-R)2]", have been prepared, with a number of alkyl and aryl
R groups [115]. They are luminescent in CH,Cl, solution at room tempera-
ture, with emission around 530 nm only modestly affected by the identity of
R, quantum yields of the order of 5%, and lifetimes of just under a microsec-
ond. On the basis of TD-DFT calculations, the emission is proposed to arise
from a mixed [m(c=cr)/dpt /T (baq) = T[Ekbzq)] transition. However, the more
structured spectrum observed when R = -C¢H4-C=C-Ph is likely to originate
from an intraligand w-7* excited state localized on the extended acetylene
-C=C-CgHy - C=C-Ph.

43
Pt(NAN~C) Complexes

As noted in Sect. 3.1, one of the potential advantages of a terdentate ligand
over a bidentate ligand relates to the inhibition of the D,; distortion that bis-
bidentate complexes can undergo, through twisting of the two planes relative
to one another. The same reasoning applied to cyclometallated systems nat-
urally suggests that if the cyclometallating ring could be incorporated into
a terdentate system rather than a bidentate ligand (e.g., NAN~C rather than
NAC), then further increases in the efficiency of luminescence might be an-



256 J.A.G. Williams

ticipated. Such a strategy has indeed led to some brightly emissive platinum
complexes.

Much of the work on Pt(N*N~C)-coordinated systems has been pioneered
by Che and co-workers, who have gone on to put the luminescence of such
complexes to use in a number of applications. In an early study, Che re-
ported on the cyclometallation of 2,9-diphenyl-1,10-phenathroline (dpp) to
platinum(II) as a terdentate NAN~C-coordinating ligand, in which one of the
two pendent phenyl rings cyclometallates, coplanar with the Pt(N*N) plane,
whilst the other remains uncoordinated [116]. In their synthesis, the prod-
uct isolated contained a labile MeCN molecule in the fourth coordination site.
The perchlorate salt of this cationic complex proves to be highly emissive with
a vibrationally structured spectrum, Amax =550 nm, 7 = 14 pus and ¢ = 0.21 in
dilute solution in CH,Cl, at room temperature. At higher concentrations, the
complex undergoes self-quenching with formation of an excimer that emits at
about 700 nm.

6-Phenyl-2,2’-bipyridine (phbpy) also coordinates to Pt as an NANAC lig-
and, as originally shown by Constable [117,118]. The room temperature
solution luminescence of [Pt(phbpy)Cl], (47, R = H), was assigned by Che
to a SMLCT excited state, Amax = 565 nm, 7 = 0.51 s, ¢ = 0.025 [119]. Self-
quenching at elevated concentrations was observed, but there was no ev-
idence for emission from an excimer. Subsequently, the same group pre-
pared a series of analogues carrying pendent aryl groups in the 4-position of
the central pyridyl ring (47, R = Ph, p-Cl-C¢Hy, p-Me-CsHy, p-MeO-CsHy-,
3,4,5-(Me0)3-CgH;-) [120]. Although the quantum yields were increased to
0.05-0.07 for all of these aryl-substituted systems, the emission maxima in
solution were scarcely changed (range 562-568 nm), suggesting limited elec-
tronic communication between the pendent aryl group and the planar phbpy
unit. Interestingly, an earlier study by Campagna et al. revealed that an ana-
logue with R = Ci,H,50-CgHy- displays significantly lower-energy emission
(Amax = 590 nm) [121], from which one may perhaps infer that the long alkyl
chain favors a conformation that maximizes the interaction of the pendant
with the phbpy.

In contrast to the solution behavior, the aryl substituents in Che’s study
do influence the solid-state emission. The two methoxy-substituted com-
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plexes and the parent [Pt(phbpy)Cl] emit at substantially longer wavelengths
(665-687 nm) than the other complexes (emission around 600 nm). More-
over, the emission for the former group is shifted to longer wavelengths
(700-722 nm) upon cooling the solid to 77 K, whereas the others are blue-
shifted. This contrasting behavior is interpreted in terms of an emissive
3[do* — 7*] MMLCT state for the former group, stabilized upon cooling as
the Pt — Pt distance decreases, and *d— 7* MLCT states for the latter group
of complexes [120].

The chloride ligand in [Pt(NANAC)Cl] complexes is quite labile, and
can be displaced by other ligands. Yip et al. examined a series of four
pyridyl adducts, [Pt(phbpy)(py”)](ClO4) where py” = pyridine (py), 4-
aminopyridine (4-ap), 2-aminopyridine (2-ap), and 2,6-diaminopyridine
(dap) [122]. On the basis of absorption spectroscopy, the order of energy
of the MLCT excited states was established as py ~ 4-ap > 2-ap > dap. In
emission, the py and 4-ap complexes display structured, high-energy emis-
sion spectra (Amax ~ 494 nm in MeCN at room temperature), assignable to
3m-7* states. In contrast, the 2-ap complex emits at substantially lower en-
ergy (Amax534 nm), even though the o-donating ability of 2-ap is similar to
4-ap. The results are interpreted in terms of the role of the ortho-NH, groups
in destabilizing the Pt dm orbitals, through intramolecular interactions of
their lone pairs with the metal center. This is supported by the X-ray crystal
structures of the 2-ap and dap complexes, which reveal that the Pt — N(H;)
distances are significantly shorter than the sum of the van der Waals radii
of Pt and N. Perhaps another way of thinking about this is that such inter-
actions are able to stabilize the hole that is formally generated on the metal
upon formation of an MLCT state.

Phosphines can also be introduced into the fourth site. Che’s group have
explored the use of bidentate or terdentate phosphines, of varying length,
to bridge between two or even three Pt complexes 48 [120, 123, 124]. When
dppm is used as the bridge (one carbon spacer), low-energy, structureless
emission is observed in solution. The bridge holds the two Pt units suffi-
ciently close and in the appropriate face-to-face conformation for Pt- - -Pt
interactions in solution: emission is assigned to the MMLCT excited state.
When longer bridges are used (3 or 5 carbon spacers), emission characteris-

T2+
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tic of the >MLCT state is restored [120]. A complex carrying a pendent amine
at the other end of the phosphine, [Pt(phbpy) — P(Ph),CH,NHPh](ClO,), dis-
plays pH-dependent emission. The complex is practically non-emissive in
aqueous solution (¢ < 107#), due partly to the solvent-induced quenching that
normally occurs in water, but also to photoinduced electron transfer (PET)
from the amine to the excited Pt complex, an efficient deactivation pathway.
Upon protonation of the amine (pK, 3.2), the emission intensity increases by
a factor of 130, as the PET process is suppressed [125].

Other sensory systems have exploited the balance between *MLCT and
MMLCT emission. They include a complementary set of results based on
the incorporation of the Pt(NAN”C) unit into a Nafion film and into MCM-
41 silicates [126]. In the former, MLCT emission is observed around 540 nm
at low loadings of the complex, but this steadily loses out to the MMLCT
centred at 665 nm as the concentration of complex within the film increases.
For low-loaded, unsaturated films, " MMLCT emission is promoted by the up-
take of EtOH into the film. For the complex hosted in MCM-41 (2.8 wt %),
the effects are essentially the opposite. Thus, the MMLCT emission domi-
nates the spectrum, but uptake of non-polar solvent vapors such as pentane
lead to the growth of the monomeric *MLCT emission band. Interactions of
these types of complexes with proteins and with nucleic acids have also been
explored [127, 128].

Che and workers have carried out a comprehensive study of [Pt(N*N~C)
(-C=C-R)] complexes, in which over 30 derivatives were prepared contain-
ing acetylides in the fourth coordination site [129]. Based on the combination
of the strong-field cyclometallating carbon, the strong-field acetylide, and
the rigidity of the terdentate ligand, high efficiency luminescence would be
anticipated and, indeed, all the complexes studied are luminescent in fluid
solution, with quantum yields typically in the range 0.05-0.10. Some of the
compounds were also doped into organic light-emitting devices: electrophos-
phorescent efficiencies up to 4.2 cd A™! were measured.

4.4
Pt(NACAN) Complexes

The superficially trivial switch in the position of the cyclometallating phenyl
ring, from lateral to central, leads to substantial differences in the excited
state properties. For example, [Pt(dpyb)Cl] (49, R = H) is intensely emissive
in dilute CH,Cl; solution at RT, with a lifetime (7.2 us) and luminescence
quantum yield (0.60) an order of magnitude greater than the correspond-
ing values for [Pt(phbpy)Cl] 47 [130]. One reason for the increase in ¢ may
relate to the shorter Pt— C bond length in 49 compared to 47, as shown
in the solid state by X-ray crystallography where the difference in bond
lengths is about 0.14 A. This may push the deactivating d-d excited states
to yet higher energy, effectively closing off this pathway of non-radiative de-
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cay. However, a further difference is that the excited state in the NACAN
systems is predominantly w-7* in character, an assignment based on the
highly structured profile of the emission spectrum, and on the very small
Stokes shift between the highest energy emission band and the weak but dis-
tinct So— T absorption band. A detailed theoretical study using DFT has
revealed, however, that there is also significant d-7* character, accounting
for the relatively high triplet radiative rate constants [131]. The complexes
undergo self-quenching accompanied by excimer formation at elevated con-
centrations in solution, with bimolecular self-quenching rate constants of
the order of 5 x 10° M~! s7!. The excimers, Amax ~ 700 nm, are unusually in-
tensely emissive, with quantum yields of excimer luminescence estimated to
be around 0.35 [132].

The introduction of substituents into the 4-position (R) of the central
phenyl ring of the NACAN ligand allows considerable control over the emis-
sion energy. For example, an electron-withdrawing —-CO,Me ester group
leads to a blue-shift in the luminescence, whilst aryl groups shift the emis-
sion increasingly to the red according to their electron-donating ability
(Fig. 23) [133]. The trend in decreasing energy shows an approximately linear
correlation with the decreasing oxidation potential of the complexes (with the
exception of R = -C¢H4-NMe;, vide infra). This can be understood in terms
of the influence of the substituent on the energy of the HOMO, to which the
central ring makes a substantial contribution, compared to its lack of influ-
ence on the LUMO, which is localized primarily on the pyridyl rings—the
phenyl-4 position is actually a node in the LUMO.

The introduction of the strongly electron-donating pendant R =
— C¢H4NMe; leads to a switch in the nature of the lowest-energy excited state
from 7-7* to one of primarily intraligand charge transfer character: this
complex displays a structureless and much broader emission band than the
other compounds and a high degree of positive solvatochromism. The ILCT
character is reminiscent of McMillins’s study of the influence of electron-
donating pendants at the 4’-position of the [Pt(tpy)Cl]* unit (Sect. 3.4). In the
present instance, reversible switching between the ILCT and 7-7* states can
be induced by simple protonation (Fig. 24). Unusually for transition-metal-
based systems, both the ILCT and -7* excited states are highly luminescent
with quantum vyields of the order of 0.5.
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Fig.23 Emission spectra of N*C"N complexes 49 in CH,Cl, (107> M), RT, Aex = 400 nm.
From left to right: R = -CO,Me, H, mesityl, 2-pyridyl, 4-tolyl, 4-biphenyl, 2-thienyl, 4-(di-
methyl-amino)phenyl
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Fig.24 Emission and excitation spectra of 49, where R = -CgH4-NMe; (solid lines), in
CH,Cl, at RT (6 x 10~ M), and of the same solution after addition of trifluoroacetic acid
(dotted lines)

The high emissivity of these compounds renders them particularly attrac-
tive as phosphorescent dopants in OLEDs, and high efficiency devices have
been obtained using them [134-137]. In particular, the high efficiency of ex-
cimer luminescence means that broad coverage of emission across the visible
region can be attained (at dopant concentrations where both excimer and
monomer emit) rendering the complexes of particular interest for the gener-
ation of white-light emitting devices [132]. High efficiency near-IR emitting
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devices have also been fabricated [138]. Other applications of such complexes
include their use in sensors for molecular oxygen [139]. The luminescence is
partially quenched by O,, but not as strongly as other commonly used phos-
phors such as Pt porphyrin, permitting useful responses over higher [O;]
ranges.

Related N/ACAN-coordinated complexes containing benzothiazoles 50
or azaindoles 51 in place of the pyridyl rings have also been investi-
gated [140, 141]. Complex 50 is luminescent in solution at room temperature,
with w-7* spectral properties resembling monomeric [Pt(dpyb)Cl], whilst
the azaindole complexes are emissive only in the solid state or in glasses

at 77 K.
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The replacement of the w-acceptor pyridyl rings in the NACAN unit by sat-
urated, tertiary amine groups would be expected to lead to a reduction in the
ligand field strength, and to a huge increase in the energy of both 7-7* and
charge-transfer-to-N*C”N transitions in the absence of a decent w-acceptor.
Lowest-energy excited states of metal-centred character might thus be antici-
pated (e.g., as for yellow Pt(bpy)Cl,, Sect. 2.1). Connick and co-workers have
explored complexes such as 52-54 [142, 143]. The halo complexes (e.g., 52 and
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Fig.25 Emission spectra of the NACAN coordinated complexes 52-55 at 77 K in ethanol-
methanol (4:1) glassy solution; the spectra of 4-phenylpyridine (dotted line) and
4,4'-bipyridine (dashed line) under the same conditions are also shown. Reprinted with
permission from [142]. © (2004) American Chemical Society

its Br and I analogues) and the py complex 53 do indeed display structureless
metal-centred emission bands in frozen glasses at 77 K: the emission energy
decreases in the order py>Cl>Br>I, in line with the decreasing order of ligand
field strengths. On the other hand, the introduction of 4'-ppy into the fourth
coordination site 54, or 4,4’-bpy as in the dimer 55, introduces lowest-energy
m-m* emission bands that are associated with these ligands in the fourth site
(Fig. 25).

4.5
Pt(C*N/C) and Pt(CAC) Complexes

During their work on C”N-coordinated Pt(II) complexes (Sect.4.2), von
Zelewsky et al. prepared charge-neutral, doubly cyclometallated compounds
of the type [Pt(CANAC)L] (L= py, Et;S, pz), by means of a double lithia-
tion of 2,6-diphenylpyridine (dppy) [144]. Following the report by Rourke
and co-workers of a more straightforward route to such complexes [145],
Che and Yam and colleagues have investigated the photophysics of com-
plexes incorporating such units. For L ligands such as 4-t-butylpyridine and
2,6-diphenylisocyanide, Pt(dppy)L 56 display high-energy (Amax ~ 500 nm),
vibronically structured emission spectra in glasses at 77 K, attributed to 7-7*
states [146]. At higher concentrations, this is accompanied by lower-energy
emission from excimers, the appearance of which correlates with the pres-
ence of solid-state 7-7 interactions in the crystal structures. On the other
hand, when L is a good 7-acceptor ligand such as 1-methyl-4,4'-bipyridinium
or pyrazine, strongly red-shifted emission in the 650-700 nm region is at-
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tributed to a > MLCT d(Pt)— 7*(L) transition. More recently, the same group
has explored related complexes of 2,6-bis(2’-naphthyl)pyridine, including
systems that are bridged by dppm, and which show fast and reversible vapoc-
hromic responses to halogenated solvents [147]. Yam and co-workers have
found that Pt(dppy)L complexes containing a variety of pyridyl L ligands, in-
cluding two crown-ether-linked pyridines, are emissive in solution at RT, in
contrast to those with phosphines in the fourth site which are emissive only
in the solid state or at low temperature [148].

Finally, we note the unique work of Rillema and co-workers, who reported
on a class of remarkably emissive Pt complexes as early as 1992, before much
of the work towards RT-emitting systems in preceding sections had been car-
ried out [149]. They studied biphenyl (bph) as a C*C-cyclometallating ligand.
Pt(bph)L, complexes 57 (L = MeCN, py and en) were found to be bright
emitters in solution (¢ = 0.15-0.2 in DCM). Their highly structured spectra
display emission maxima (Amax ~ 492 nm) that are almost identical for each
of the three complexes and for a sulfur-bridged dimer [Pt(bph)(EtS)],. An
unambiguous 7-7* assignment is clear-cut here. On the other hand, the an-
cillary ligands do influence the energy of higher-lying deactivating states. By
consideration of the temperature dependence of the lifetimes over the range
140-300 K, the activation energy to this state (AE in Fig. 2b) was estimated
to vary from 1220 cm™! for L = MeCN to 2490 cm™! for L = en.

S\
Pt/
<

57

5
Concluding Remarks

In conclusion, this survey has sought to highlight the advances that have been
made over the past decade into the design and development of luminescent
platinum(II) complexes. Insight into the factors that influence not only the ex-
cited state energies, but also the relative importance of luminescence versus
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non-radiative decay and ways to optimize the emission, is constantly develop-
ing from fundamental studies. Ligand design is crucial to control of excited
state properties. In this respect, new synthetic strategies, particularly cross-
coupling methodology that allows aryl and pyridyl rings to be linked together
reliably, will play an increasingly valuable role. As the range of complexes with
bespoke properties expands, applications should expand in parallel, ranging
from new technological materials (e.g., sensors, light-emitting devices, solar-
energy conversion—where Pt complexes have scarcely yet been considered)
to biology and medicine (e.g., protein and nucleic acid probes, bioimag-

ing).
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Abstract Gold, in addition to its attractive historical monetary value, has attracted grow-
ing attention from the chemical perspective. A significant proportion of recent contri-
butions has been associated with the luminescent behavior of gold compounds, some of
which are associated with the presence of the weak closed-shell aurophilic interactions.
In this review the photophysical properties of several classes of gold complexes in the
oxidation states of + 1, + 2 and + 3 are discussed. Some of them also exhibit interesting
photochemical properties. Such growth of attention has proven the potential application
of gold complexes to serve as promising light-emitting molecular materials.

Keywords Gold - Excited state properties - Luminescence - Photochemistry -
Photophysics

Abbreviations

bpy bipyridyl

B15C5 benzo-15-crown-5

dcpe 1,2-bis(dicyclohexylphosphino)ethane
decpm  bis(dicyclohexylphosphino)ethane
dmb 1,8-diisocyano-p-menthane
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dmpm  bis(dimethylphosphino)methane

dmmp bis(dimethylphosphinomethyl)methylphosphine, Me,PCH,P(Me) CH,PMe,
dpmp  bis(diphenylphosphinomethyl)phenylphosphine, Ph,PCH,P(Ph)CH,PPh,
dppb 1,4-bis(diphenylphosphino)benzene

dppe 1,2-bis(diphenylphosphino)ethane

dppf 1,1'-bis(diphenylphosphino)ferrocene
dpphen 4,7-diphenyl-1,10-phenanthroline

dppm  bis(diphenylphosphino)methane

dppn 1,8-bis(diphenylphosphino)naphthalene
dpppe  1,5-bis(diphenylphosphino)pentane

dppy  2-diphenylphosphinopyridine

DB18C6 dibenzo-18-crown-6

IL intraligand

i-mnt  1,1-dicyanoethylene-2,2-dithiolate

LLCT  ligand-to-ligand charge transfer

LMCT ligand-to-metal charge transfer

LMMCT ligand-to-metal-metal charge transfer

mes mesityl

MLCT metal-to-ligand charge transfer

MMLCT metal-metal-to-ligand charge transfer
MV?*  methyl viologen

NHC  N-heterocyclic carbene

Np 1-naphthyl

phen 1,10-phenanthroline

PPE poly(p-phenylene-ethynylene)

PPN bis(triphenylphosphine)iminium

SSCE  saturated sodium chloride calomel electrode
thf tetrahydrofuran

TCNQ 7,7,8,8-tetracyanoquinodimethane

tmb 2,5-diisocyano-2,5-dimethylhexane

TPA 1,3,5-triaza-7-phosphaadamantane

tppb 1,2,4,5-tetrakis(diphenylphosphino)benzene
TPPH, 5,10,15,20-tetraphenylporphyrin

VOC  volatile organic compounds
1
Introduction

While gold has been regarded as precious and widely utilized as money,
a store of value and in jewelery since the ancient times, the exploration
and development of the coordination and organometallic chemistry of gold
are also fascinating and challenging, and have attracted increasing atten-
tion from chemists. The uniqueness of the weak intermolecular attractive
interaction present in between gold centers [1,2] has attracted the increas-
ing attention of the scientific community since the 1990s, and this has been
one of the reasons that has accelerated the scientific development of gold in
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both physical and chemical aspects. This intermolecular attractive Au.--Au
interaction, which is the most remarkable among all elements, is especially
prominent in gold(I) systems. Gold(I) has a closed-shell d'? electronic con-
figuration and the tendency for weak metal:--metal interaction involving
affinity between same charges has been attributed to the sub-bonding in-
teraction introduced through the stabilization of the filled 5d-orbital-based
molecular orbitals by configuration mixing with empty molecular orbitals
of appropriate symmetry derived from the higher-energy 6s and 6p orbitals.
The strong relativistic effects possessed by gold also cause the contraction
of the 6s orbital and, to a smaller extent, the 6p orbitals, and at the same
time the expansion of 5d orbitals [2-4]. Besides, the spin-orbit coupling
would also be enhanced. All these effects would bring the 5d and 6s/6p
orbitals closer in energy, having a more effective overlap and stronger in-
teraction. Consequently, the phenomenon of mononuclear gold(I) complexes
showing a tendency to undergo intermolecular aggregation via short sub-
van der Waals gold-gold contacts of less than 3.4 A is expected and ob-
served. Gold-gold contacts of ~ 3.0 A were estimated to have a bond energy
of the order of 5-10kcalmol™! [1]. This energy is comparable to that of
standard hydrogen bonds and thus provides extra stability to polynuclear
gold(I) complexes. Similarly, short intramolecular Au. - -Au contacts are also
commonly observed based on this effect and as a result would give rise to
the unique and intriguing structural properties in gold(I) complexes. The
term “aurophilicity” describing this phenomenon [1,2] was introduced by
Schmidbaur and is widely accepted today. Pyykko and co-workers suggested
the dispersion (van der Waals) nature of aurophilicity by performing the-
oretical calculations on a gold(I) dimer, [Au(PH3)Cl],, at the Hartree-Fock
and Mpller-Plesset levels, and suggested that the aurophilic attraction was
caused by correlation effects and strengthened by relativistic effects rather
than hybridization [5-7]. In addition, the rich photophysical properties that
gold complexes exhibit have no doubt made this class of complexes an im-
portant family of luminescent metal complexes. The presence of the heavy
gold center in these complexes will enhance the spin-orbit coupling of the
system, which in turn will facilitate the access to triplet excited states via
intersystem crossing. Relaxation of the triplet excited state by radiative de-
cay would usually result in phosphorescence with large Stokes shifts. Sub-
sequently, the photophysical properties and the associated photochemical
studies of some of these complexes have also been initiated. The photoreac-
tivity of gold(I) and gold(III) systems have recently been reviewed by Vogler
and co-workers [8].

In this review, the photophysical and photochemical properties of selected
gold systems will be described and discussed, so as to provide readers with
a broad overview of the great diversity of these systems in these aspects.
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2
Photophysical and Photochemical Properties of Gold(l) Complexes

2.1
Homoleptic Gold(l) Complexes with Phosphine Ligands

The first report on gold(I) luminescence dates back to 1970, when Dori and
co-workers studied the photoluminescence properties of [Au(PPhs)Cl] [9].
In 1989, the fascinating photophysical properties and excited-state redox be-
havior of [Au,(dppm),]** were reported independently by Fackler [10] and
Che [11,12]. It was found that the annular complex, [Au,(dppm),](BF4),,
exhibits strong and long-lived yellow phosphorescence, and a Au- Au
bonded emissive excited state was suggested. The triplet excited state,
[Aup(dppm);]?**, was also demonstrated to be strongly reducing in nature,
with the excited-state redox potential E°[Au,(dppm),>*/2**] of - 1.6(1) V
vs. SSCE determined via oxidative quenching experiments using a se-
ries of pyridinium acceptors [11,12]. In the same year, the electronic
absorption and magnetic circular dichroism studies of the related sys-
tems with Me,P-(CH;),-PMe; (1 =1,2) as the bridging ligands were re-
ported by Mason and co-workers [13]. Since then, growing attention has
been given to the exploration of luminescent gold(I) systems. The ef-
fect of the extent of Au---Au interactions on the photophysical properties
of the annular complex [Au,(dmpm);](ClO4); was investigated by Yam
and co-workers, through a direct comparison with the trinuclear ana-
logue, [Auz(dmmp);](ClOy4)s [14,15]. It was found that both complexes
display dual phosphorescence ([Auz(dmpm);](ClO4)2: Amax = 455 nm, 79 =
1.2 us; Amax = 555nm, 79 = 2.8 pus. [Auz(dmmp),](ClO4)3: Amax = 467 nm,
7o = 1.6 US; Amax = 580nm, 79 = 7.0 us) in degassed acetonitrile solutions
upon photo-excitation. The high-energy emission band was assigned to orig-
inate from an excited state of intraligand character while the low-energy band
was assigned to originate from the 3[(ds*)! (pa)l] excited state. The observed
red shift of both the ![do* — po] absorption and 3[(d86*)!(po)!] phospho-
rescence on going from [Auy(dmpm);](ClO4); to [Auz(dmmp);](ClOy4)s
(269 nm — 315 nm and 555 nm — 570 nm, respectively), is in line with the
reduced do*-po and dé*-po energy gaps as illustrated in Fig. 1 [14]. A simi-
lar red shift was also reported for the absorption bands of the phenyl-
containing phosphine counterparts, [Au(PPh3),]OTf, [Auy(dppm);](OTf),
and [Auz(dpmp);](SCN)s, as depicted in Fig. 2 [16]. The excited-state redox
potentials, E°[Au,(dmpm),3*/2* *] and E°[Aus(dmmp),*t/3**], were deter-
mined to be - 1.7(1) and - 1.6(1) V vs. SSCE, respectively [14]. The stronger
reducing power of [Auz(dmpm)2]2+ * than [Au3(dmmp)2]3Jr * was attributed
to the fact that the latter with a charge of 3+ is more difficult to be oxidized.
Very recently, Che re-investigated [17] and reviewed [18] the [Au, (PAP), ]2+
system using the optically transparent dcpm ligand (for A > 250 nm), and
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Fig.1 Schematic molecular orbital diagram showing the effect of aurophilic contacts on
the HOMO-LUMO energy gap of gold(I) phosphine complexes

the photophysical properties of [Au,(dcpm),]?* bearing a series of counter-
anions (ClO4~, PF¢~, CF3S037, [Au(CN);]7, CI7, I") were studied. It was
suggested that the emission energy could be readily perturbed by the pres-
ence of coordinating solvents and anions. The intrinsic 3 [(do*)!(po)!] phos-
phorescence of [Au, (R,PCH,PR;,);]*" should occur in the near UV re-
gion (~ 368 nm for R = Cy) whereas the observed blue-green emission in
MeCN was attributed to the phosphorescence associated with the exciplexes
formed in the presence of coordinating solvents/anions. This has been sup-
ported by theoretical calculations at the ab initio level by the single ex-
citation configuration interaction (CIS) method using the model complex,
[Auy (H,PCH,PH,),]%", in which a comparably high-energy emission at
331 nm was calculated from the 3A, excited state in the absence of solvent-
or anion-exciplex formation [19]. The weak aurophilic interaction observed
in the ground state of [Au, (H,PCH,PH,), " is strengthened significantly
in the 1[(da*)l(pa)l] excited state, and is in line with the findings from the
resonance Raman spectroscopic studies on [Auy(dcpm);](ClOy4);, in which
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Fig.2 Electronic absorption spectra of [Au(PPhz),]OTf (-- - - -~ ) [Au(dppm),](OTf),

(- - -) and [Auz(dpmp),](SCN)3 (—) in MeCN at room temperature [16]

the ground and 1[(da"‘)l(pa)l] excited state vibrational frequencies of 88
and 175 cm™! were determined, respectively [20,21]. As a result, the high-
energy emission band of [Auz(dmmp);](ClO4)3 (Amax = 467 nm) in degassed
acetonitrile that was previously assigned to originate from the intraligand
character could also be re-assigned to originate from the 3[(dcr*)l(pcr)l]
excited states; whereas the low-energy emission (Amax = 580 nm) was at-
tributed to the exciplex phosphorescence due to the coordination of MeCN to
[Auz(dmmp); ] core in the excited states.

Yip and co-workers recently isolated a trinuclear gold(I) complex
with 9,10-bis(diphenylphosphino)anthracene ligand, [Aus (u-Ph,PAnPPh;);]
(ClO4)3, with a cyclophane structure and interesting cyclohexane-like flux-
ional behavior [22]. The complex also exhibits intense emission with a struc-
tureless band maximized at 475nm in MeCN at 298 K. The absence of
any structural features in the emission band and the large Stokes shift of
~ 4000 cm™! suggested the excimeric nature of the emission.

Examples of luminescent gold(I) phosphine complexes with coordination
number greater than two were also reported in the literature. Gray and co-
workers reported a binuclear gold(I) complex, [(x-dcpe){Au(dcpe) }2](PFe)2,
with each gold(I) center being 3-coordinated by one chelating dcpe and one
bridging dcpe ligand (Fig. 3), and separated by 7.0501 A (as a [Au(CN);]"
salt) [23]. The complex was found to be strongly emissive in the green
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Fig.3 Structure of the complex cation of [(-dcpe){Au(dcpe)},](PFs)2

region, and such emission was suggested to be associated with the steri-
cally protected monomeric AuP; moiety. Fackler also explored a series of
mononuclear gold(I) phosphine complexes having the AuP3; moiety, such as
[Au(PPh3)3]*, [Au(TPA);]* and [Au{P(3-CsH4S03)3}3]%" [24-26]. In gen-
eral, the 3-coordinate gold(I) complexes are more strongly emissive than
their 2-coordinate counterparts and the emission was attributed to originate
from a metal-centered 3[(do*)! (po)!] excited state. A complex with a tripodal
phosphine, [Au{N(PPh;)3}]*, was also reported to be luminescent [27].

Yam and co-workers reported the first luminescent study of 4-coordinate
gold(I) phosphine complexes, [Au(P"P);]X (PAP = 1,8-bis(diphenylphos-
phino)naphthalene, 4-methyl-1,8-bis(diphenylphosphino)naphthalene; X =
Cl, PFg) in 2000 [28]. The complexes were shown to exhibit orange-
red photoluminescence both in the solid state and in dichloromethane,
and the emission origin was attributed to the triplet state derived from
a [0 — m*(naphthyl)] IL transition. The PFs~ salt of the complexes were also
employed as an emissive layer in the fabrication of OLEDs.

2.2
Gold(l) Chalcogenido and Thiolato Complexes

There has been an immense research interest devoted to the d'® metal-
chalcogenide nanoparticles due to their rich intrinsic photoluminescence
properties. However, photophysical studies related to the gold(I) chalco-
genides are relatively rare, possibly due to the relative instability of gold(I)
chalcogenides compared to that of gold metal. Since 1999, Yam and co-
workers reported the isolation of a series of luminescent hexanuclear, de-
canuclear and dodecanuclear gold(I) sulfido complexes, 1-3 (Fig. 4), with
the ancillary diphosphine ligands acting as a “protective coating” against
the formation of binary materials [29-32]. These complexes are soluble in
common organic solvents and are molecular in nature, which may serve
as model systems for the study of gold(I) sulfide clusters and nanoparti-
cles. Short intramolecular aurophilic interactions, with the Au- - - Au distances
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Fig.4 Luminescent high-nuclearity gold(I) sulfido complexes 1-3

in the range of 2.939-3.3775 A, were observed in the X-ray crystal struc-
tures of these complexes. In addition, all the complexes exhibit intriguing
photophysical properties. They display an orange to red emission that has
been attributed as derived from states of a >LMMCT [S — Au- - -Au] origin.
Interestingly, complex 2 exhibits dual luminescence behavior with an addi-
tional emission band in the green region that was tentatively assigned as the
metal-perturbed 3IL(diphosphine) phosphorescence, while an abnormally
large Stokes shift of 15052 cm™ (1.87 eV) was observed for 1 that is suggestive
of a highly distorted excited state structure. Figure 5 displays the electronic
absorption, emission and excitation spectra of 1 in dichloromethane at 298 K.
Fenske reported a series of luminescent gold(I)-selenido aggregates, namely
[Au;gSeg(dppe)s]|Bry and [AujoSes(dpppe)s]Br, [33]. The former possesses
long-lived red phosphorescence in the solid state and is capable of photo-
sensitizing singlet oxygen in solution, while the latter shows a broad near-
infrared phosphorescence at 880 nm in dichloromethane that red-shifted to
1020 nm in the solid state.

El-Sayed and Whetten reported the visible to infrared luminescence
behavior of a Auys(SG)16s (GSH = glutathione) monolayer protected clus-

16 ‘ 1
] Al

.12 A L

- ! \ v
ex 10 . E R -

3 11 i

/ dm°mol’'ecm™ 8- i -

1

4-

O f 'lj T — t e - T T T
300 400 500 600 700 800
Al nm

Fig.5 Electronic absorption (—), emission (---) (excitation at 365 nm) and excitation
(- =---- ) (monitored at 810 nm) spectra of 1 in dichloromethane solution at 298 K [29]
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ter (MPC) [34]. Emission maxima at ~ 1.15€eV (1080nm) and ~ 1.5V
(~ 827 nm) were observed in D,0. An assignment of these low-energy emis-
sion to emissive states associated with a [S— Au---Au] LMMCT origin,
similar to that assigned for complexes 1-3, is possible using a molecular
model. Alternatively, the 1.15 eV emission band could also be attributed using
the solid-state model to the intraband transition within the sp-band across
the HOMO-LUMO gap, whereas the 1.5 €V emission is attributed to the inter-
band recombination between the sp and d bands. In another study, Murray
and co-workers studied the photophysical properties of a series of Au-MPCs
with different core sizes and monolayers, and it was found that the NIR emis-
sion was an electronic surface-state phenomenon [35-37].

Laguna and Eisenberg collaboratively reported the rich luminescence be-
havior of a series of luminescent gold-silver complexes, [E{Aus(dppy)}3Ag]
(BF4)2 (E = O, S, Se) [38]. The solid-state emission energy at ambient tem-
perature was found to change substantially on going from E = O (466 nm,
blue) to S (554 nm, yellow) and Se (670 nm, orange). Addition of a methyl
group on the dppy ligand for the sulfido complex would blue-shift the solid-
state emission to afford a green emission (534 nm) (Fig. 6). The red shift
on going from E = S to Se and the microsecond-ranged lifetime were in
agreement with a >LMMCT assignment of the excited state, while for the
oxo complex, either a >LMMCT or metal-centered cluster-based emission was
suggested.

Balch examined an interesting reversible orthorhombic-monoclinic phase
change in the crystals of [S(AuCNC;H;3)3](SbFs) upon cooling [39]. At
190K, two complex cations were found to self-associate to form a pseudo-
octahedral array of six gold atoms connected by both intra- and inter-ionic

400 450 500 550 600 650 700 750 8OO
Wavelength {nm)

Fig.6 Photo of the solid-state emission from [E{Aus(dppy)}3Agl(BF4), (E = O, S, Se)
and [S{Auz(Me-dppy)}3Agl(BF4), from left to right (Lex = 365 nm) (left), and the nor-
malized emission spectra of [E{Aus(dppy)}3Ag](BF4),2 (E = O (blue), S (green), Se (red))
and [S{Aus(Me-dppy)}3Ag](BF;), (dark green) in the solid state at room temperature
(right) [38]
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aurophilic interactions. Subsequent cooling caused the clusters to become
less symmetric, leading to an increase in the inter-ionic Au---Au separa-
tions in one cluster and a decrease in the other. In addition, crystalline
samples of [S(AuCNC;H;i3)3](SbFs) showed corresponding changes in their
emission properties, with a single emission at 667 nm at 298 K switched to
a dual phosphorescence at 490 and 680 nm at 77 K. In contrast, no change in
the crystallographic phase or luminescence properties upon cooling was ob-
served for [S(AuCNCgH;;)3](PFs), which possesses a structure similar to that
of [S(AuCNC7H;13)3](SbF¢) at 190 K.

All these examples illustrate the wide range of structural variety and their
fascinating relationship with the delicate excited state properties in these
polynuclear gold(I) chalcogenido complexes.

On the other hand, the luminescence studies of the related gold(I) thio-
late complexes with ancillary phosphine ligands were initiated at an earlier
time. In fact, the d-sp configurational mixing idea was first applied by Vogler
and co-workers in the interpretation of the electronic absorption and emis-
sion properties of gold(I) complexes bearing weak Au---Au interaction [40].
The tetranuclear gold(I) dithioacetate, [Au(MeCS;)]4, which was first isolated
and structurally characterized to possess a rhombic Auy array with short
Au- - -Au contacts of ~ 3.016 A by Zanazzi and co-workers [41, 42], was found
to display low-energy absorptions at 407 and ~ 430 nm in CS;, at room tem-
perature and a low-energy emission maximum at 743 nm in ethanol glass at
77 K [40]. A related [Au(piperidine)Cl]4, which was reported by Guy et al.
to possess also a Auy array in the solid state [43], displayed an absorption
band at 305nm at room temperature and an emission band at 700 nm at
77 K in EtOH [40]. The significant difference in the absorption energy among
these two tetranuclear complexes and yet their similarity in emission energy
suggested that the emission should not be derived from states with MLCT
character but rather a metal-centered 5d-6s transition that was modified by
the metal-metal interaction. The strength of the Au---Au interaction in the
related binuclear anionic [Au,(CS3)2]%", which possesses a short Au— Au
contact of 2.80 A (as a PPN* salt) [44], was studied (in its "BusN* salt)
using electronic absorption and resonance Raman spectroscopies by Cheng
et al. [45], and a stretching frequency of 125 cm™! was identified to be the
v(Au — Au) mode.

Bruce and Bruce reported the phosphorescence nature of a series of
binuclear gold(I) thiolate complexes bearing bridging diphosphine ligands,
[Auz {thP(CHz)nPth}(4—SC6H4Me)] (I’l = 2—5) and [Au2 {thP(CHz)nPth}
(SCH,CH,CH;S)] (n = 2-5), and the emission with energies spanned in the
range of 485-515nm was attributed to originate from the [S — Au] LMCT
excited state [46]. Although correlation studies between the extent of Au- - -Au
interactions calculated from EXAFS and the luminescence properties were at-
tempted, no simple, clear-cut correlation could be made. In another study,
Fackler reported the luminescence study of a series of mononuclear gold(I)
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thiolate complexes, with the TPA ligand that possesses a small cone angle
of 102° and shows no low-energy IL transitions for Asps >210nm (in wa-
ter) [47].

It was found that solely the emission maxima could not be used to pre-
dict the presence or absence of weak Au---Au interactions. According to
a LMCT assignment, a blue shift in the emission energy would be expected
when the thiolate ligand is changed from -SPh to -(4-SCsH4Cl), and yet the
presence of weak Au---Au interactions in [Au(TPA)(4-SCsH4Cl)] (Au---Au
= 3.078 A) could shift the emission maxima to the red, by as much as
2500 cm™! compared to that of [Au(TPA)(SPh)] (Au---Au = 5.243 A). The
emission energy of this class of complexes was suggested to be controlled
by: (1) the presence of electron-withdrawing groups on the thiolate ligand,
and (2) whether there was any Au- - - Au interaction present, either intramolec-
ularly or intermolecularly. Electron-withdrawing groups on the thiolate lig-
and would stabilize the sulfur orbital, making the ligand more difficult to
be oxidized and hence causing a blue shift in the emission. The presence
of short Au---Au contacts would destabilize the 5dz* orbitals (taking the
Au- - -Au interaction axis as the z-axis) while the empty 6pz orbitals would
be stabilized. This would bring a net effect of lowering the transition en-
ergy and results in a red shift in the emission energy. Such interpretation
formed the basis for the LMMCT assignments that are widely used today.
Replacement of the TPA ligand with PPhs further complicated the results
and assignments. It was suggested that the w and 7* orbitals associated with
PPh; were very close in energy to the S- and Au-based orbitals, such that
a change in the substituents with different electron-withdrawing effects on
the thiolate ligands could affect the relative ordering of these orbitals [47].
Yam reported the photophysical studies of a series of binuclear gold(I) thio-
late complexes with bridging bis(diphenylphosphino)alkyl- and -aryl-amines,
[Au, {Ph,PN(R)PPh; }(4-SC¢H4R'),] (R = Ph, Cy, "Pr, ‘Pr; R = F, Cl, Me) [48].
Interestingly, only very weak or no intramolecular Au---Au interaction was
identified in the crystal structure of [Auy {Ph,PN(C¢H1;)PPh; }(4-SCsH4F), ],
with the corresponding non-bonded Au---Au distance of 3.4779(4) A. At
room temperature, these complexes exhibit intense blue-green phosphores-
cence that was typical of metal-perturbed ligand-centered emission. Lower-
ing of the temperature to 77 K in CHCI3 glass matrices gave dual emission, in
which excitation of the sample at ~ 300 nm produced a green emission cen-
tered at ~ 500 nm whereas excitation at ~ 440 nm resulted in a new orange
emission band centered at ~ 600 nm. Such a new band was suggested to be
derived mainly from the *[S — Au] LMCT excited states, although the possi-
bility of a LLCT origin cannot be excluded. It was believed that the presence of
aurophilic interactions could lower the emission energy in such systems, and
were employed in the design of luminescence chemosensors for alkali metal
ions. Indeed, a series of diphosphine-bridged binuclear gold(I) complexes
with benzocrown-ether functionalized thiolate ligands were demonstrated to
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be capable of sensing alkali metal ions, with specificity depending on the size
of the crown ether pendants. Upon encapsulation of alkali metal ions of ap-
propriate size, i.e. when the alkali metal ion was intramolecularly sandwiched
between two crown ether pendants, the intramolecular Au---Au interaction
became “switched on” and the emission energy would be lowered according
to the change of emission nature from a 3[S— Au] LMCT to a 3[S — Au- - -Au]
LMMCT origin (Fig. 7) [49-51].

Recently, mono- and binuclear gold(I) complexes 4a-g (Fig. 8), bearing
the carboimidothiolate ligand (O,N-CsH4-N=C(OMe)S™) were reported to be
photoluminescent [52]. However, their luminescence behavior was suggested
to be dominated by the intraligand donor-acceptor charge transfer, with only
slight mixings of the 3[S — Au] LMCT character that has been modified by
the weak Au- - -Au interactions.

Systems bearing dithiolate ligands were also studied by a number of research
groups. Zink explored the emission nature of [Au(PEt3),]*[Au(AuPEts),
(i-mnt), ] in which the emission at ~ 19600 cm™ (~ 510 nm) showed weak
vibronic structures with average progressional spacings of ~ 470 cm™! that
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Fig.7 Red shift in emission energy of binuclear gold(I) thiolate complexes via metal-ion
encapsulation
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Fig.8 Gold(I) complexes 4a-g with thiolate ligand bearing donor-acceptor functionalities

were associated with the Au— S stretch [53]. Assignment of the emission ori-
gin was assisted by the results from the pre-resonance Raman spectrum,
and the origin was attributed to a [S — Au] LMCT excited state associated
with the trinuclear complex anion. A series of annular binuclear gold(I) com-
plexes of the type [Au(u-PAP)(1-SAS)]™ (n =0, 1) were investigated by
Lin and co-workers [54], in which the observed concentration dependence
of the electronic absorption, emission and variable temperature 3lp NMR
spectra of [Auy(dppm)(S,C=NEt;)](PFs) provided indication for the pres-
ence of intermolecular dimerizaton process via the weak Au- - - Au interactions
in a concentrated solution. A monomer-dimer ratio of 1.4 was observed,
with an equilibrium constant of ~ 38 M™', AH of ~ 14 kcalmol™! and AS
of ~ - 35 cal K”! mol™ determined. Trinuclear gold(I) dithiocarbamate com-
plexes with bridging Ph,PCH,P(Ph)CH,PPh, were reported by Laguna [55].
The complexes were found to be fluxional in solution, and a red shift in
the solid-state emission energy was observed upon increasing the num-
ber of dithiocarbamate ligands from 1 to 3. By using the piperazine-1,4-
dicarbodithiolate and dppm as bridging ligands, Yu, Li and Yam reported the
synthesis of a tetranuclear gold(I) complex 5 that crystallized as a tetramer
[i.e. an Auje complex [54] (Fig. 9)] by self-assembly, in which supramo-
lecular chirality of the complex cation was induced upon the intermole-
cular aggregation process driven solely by weak Au.--Au interactions [56].
Complex 5 displayed a low-energy absorption at ~ 370 nm in MeCN which
is concentration-dependent, and a 5-5, monomer-dimer equilibrium was
identified with emax (52), equilibrium constant and AG determined to be
2600 M~ cm™!, 6800 M~! and 22 k] mol™!, respectively. Complex 54 exhibited
intense green solid-state photoluminescence, which was slightly blue-shifted
from 531 to 524 nm on lowering the temperature from 293 to 77 K. Complex 5
displayed intense orange emission at ~ 605-608 nm in MeCN and Me,CO so-
lutions at 293 K with an excitation band centered at 324-331 nm, whereas in
"PrCN glass at 77 K, the emission maximum was significantly blue-shifted to
501 nm. The emission has been attributed to originate from [S — Au] LMCT
excited states, probably modified by the presence of weak Au---Au interac-
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tions. The blue shift observed upon decreasing temperature was attributed to
the increased rigidity of the molecular structure at low temperature, which
rendered a smaller geometrical distortion in the excited states and hence
a smaller Stokes shift. In contrast to the electronic absorption studies, con-
centration dependence was not significant on the phosphorescence energy of
5 which might be suggestive of an emission origin having a ligand-to-metal-
metal charge transfer (LMMCT) character localized on the intramolecular
Au---Au interaction in the Au, unit or one that has a predominant ligand-
centered or ligand-to-ligand charge transfer character.

Eisenberg reported the interesting vapochromism and VOC-induced lu-
minescence behavior of a phosphine-free binuclear gold(I) dithiocarbamate
complex, [Auz{S,CN(C5H;j1)2}2] [57]. The crystal structures in the emissive
solvated orange form and the non-emissive naked colorless form were de-
termined, in which weak intermolecular Au---Au interactions could only
be observed in the former (Au---AUjytermol (Orange-form): 2.9617(7) A,
AU - -AUjermol  (colorless-form): 8.135 A). When the colorless form was
brought in contact with polar aprotic solvent vapors, luminescence could be
restored. The formation of linear Au- - - Au chains induced by solvent triggered
its orange color and luminescence nature, even though there was no unusual
complex-solvent interaction in the solid state. The stoichiometries of the
complex to solvent molecules in the two forms were determined from NMR
integration and thermogravimetric analysis, in which one acetone molecule
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per 2.5 dimers and one acetone molecule per three dimers were determined,
respectively, when using acetone as the triggering solvent.

Fackler and co-workers were able to correlate the relationship between the
intermolecular Au- - -Au interactions and the presence of photo-luminescence
in a series of binuclear annular gold(I) dithiophosphonate complexes with
different extents of intermolecular Au---Au interactions [58,59]. This not
only enables one to predict the presence of any weak intermolecular Au- - -Au
interactions based on the observed luminescence properties of this class of
complexes, but also allows one to estimate the relative extent of such interac-
tions.

The luminescent binuclear gold(I) dithiophosphate complexes [Au,{S;P-
(OR)2}2] (R = Me, Et) were found to possess comparable intra- and inter-
molecular aurophilic contacts and afforded one-dimensional Au - Au chain
structures [60]. At 77 K, solid samples of [Au,{S;P(OMe),},] displayed mul-
tiple emission bands, with the two concentration-dependent higher energy
bands at 415 nm (7 =20ns) and 456 nm (7 = 2.16 us) assigned to IMC and
>MC emission, respectively, while the lower energy band at 560 nm was at-
tributed to a LMCT excited state. [Au,{S,P(OR),},] was further shown to ex-
hibit intense luminescence of different colors and striking thermochromism
of the emission in frozen glasses of different solvents.

Another interesting phenomenon, luminescence tribochromism, was
demonstrated in a series of binuclear gold(I) thiouracilate diphosphine com-
plexes, 6-7 (Fig. 10) [61]. It refers to a sustained change in the photolumines-
cence spectrum upon the initial application of a pressure. Complexes 6a-b,
which possess the singly deprotonated thiouracilate ligand, were found to be
weakly emissive, whereas 7a-b bearing the doubly deprotonated ligand ex-
hibited intense blue to cyan photoluminescence. Interconversion of 6 and 7,
as indicated by the turning on-and-off of the emission, could be achieved by
pressure application and recrystallization, as well as through pH control. It
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Fig.10 Acid-base controlled interconversion of 6 and 7
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was suggested that the observation of the intense emission is a consequence
of the presence of strong intermolecular Au- - -Au interactions.

23
Gold(l) Alkynyl Complexes

The gold(I) alkynyl systems represent another important class of organo-
metallic gold(I) complexes. The rigid nature of the alkynyl ligand with the
sp hybridized carbons gives rise to a linear ~-C=C- unit with an angle of
180°. These, together with the preferential linear two-coordinate geometry
of gold(I), have made this class of complexes attractive as building blocks
for molecular design and supramolecular architecture [62-69] that may find
potential applications in molecular electronics and materials science [70-76].

Gold(I) alkynyls are also well-known to usually exhibit interesting lumi-
nescence properties. The first report dealt with the spectroscopic and photo-
physical properties of [Au,(dppe)(C=CPh);] that possesses an intramolecu-
lar Au- - -Au contact of 3.153(2) A [77]. The complex exhibited an IL emission
at 420 nm in dichloromethane at 298 K and a solid-state emission at 550 nm at
298 K that was attributed to the [(dS*)l(pcr)l] phosphorescence. The related
complex, [Auz(dppm),(C=CPh),;][Au(C=CPh);], which possesses a trinu-
clear [Auz(dppm),(C=CPh),]* cation and intramolecular Au- --Au distances
of 3.083(2) and 3.167(2) A, showed a dual phosphorescence with the high-
energy IL emission at 425 nm and the low-energy [(d6*)! (po)!] emission at
600 nm in MeCN at 298 K [78].

The photophysical properties of a series of alkynyl-bridged binuclear
gold(I) complexes, [(Ph),(Np)s_,PAuC=CAuP(Ph),(Np)s_,] (n=0-3) and
[Fc;PhPAuC=CAuPPhFc; ] have been studied by Mingos and Yam in 1994 [62].
Observation of the vibronically structured absorption bands at 296 nm was
suggestive of their ![0(Au-P) — *(Np)] transition origin. The red shift
of solid-state emission energies of the former complexes at 77 K upon in-
creasing the number of Np groups on the phosphines is in line with
the increasing electron-richness around the Au-P bonds and the pres-
ence of a [0 (Au-P) — 7*(Np)] excited state. However, the presence of the
ferrocenyl moiety in the latter complex resulted in effective intramolec-
ular reductive electron transfer quenching, which gave rise to its weakly
emissive nature. [(4-C¢H4OMe)3;PAuC=CAuP(4-C¢H4OMe)3;] was reported
to have a well-resolved vibronic-structured emission that ranged from
400 to 600 nm with progressional spacings of ~ 2100 cm™!, and the emis-
sion origin was ascribed to originate from the 3[r > n*(C=C)] IL ex-
cited state [79]. A series of gold(I) complexes bearing bridging phosphine
or alkynyl ligands, [(4-C¢HsMe)s;PAu(BL)AuP(4-C¢HsMe)3] (H,BL = 1,4-
diethynylbenzene, 9,10-diethynylanthracene), [Au,(dppn)(C=CR),] (R = 4-
C6H4Ph, 4—C6H4OMC, nC6H13 ), [Auz(dmpm)(CECR)z] (R = Ph, 4-C6H4OM€)
and [Auz(dmmp)(C=CR);] (R = Ph, 4-CcH4OMe) were found to be pho-
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toluminescent [80]. The complexes with bridging 1,4-diethynylbenzene and
9,10-diethynylanthracene ligands showed absorption bands at ~ 294-328 and
410-464 nm with vibrational progressional spacings of 1980 and 1400 cm™
respectively, and the origin was suggested to arise from the [ -7*(alkynyl)]
IL or [0 (Au-P) — 7*(alkynyl)] transitions. For those alkynyl complexes hav-
ing dppn as the bridging ligand, absorption bands observed at ~ 290-310 nm
with a weaker absorption at ca. 400 nm and tailing to ~ 500 nm were sug-
gested to arise from the 1o (Au-P) — 7*(dppn)] transition. The binuclear
dmpm and trinuclear dmmp complexes showed strong absorption bands at
~ 252-290 nm, which were suggested to arise from the [w-7*(alkynyl)] or
[0 (Au-P) — m*(alkynyl)] transitions. They also possessed absorption shoul-
ders at ca. 320-332 nm that were absent in the mononuclear analogues and
were assigned to originate from a ![do* — po] transition. However, a red shift
observed in the absorption energy from the mononuclear to the trinuclear
species might be suggestive of a 1[do*(Au — Au) — 7*(C=CR)] MMLCT tran-
sition. [(4-C¢HsMe)3PAu(C=C-4-C¢H4C=C)AuP(4-CcH4Me);] showed a vi-
bronically structured emission band at ~ 533 nm in the solid state, which was
assigned to arise from a [7 — 7*(alkynyl)] IL or [0 (Au-P) — 7*(alkynyl)]
triplet state. Similarly, the complex [(4-C¢HsMe)3;PAu(BL)AuP(4-CsHsMe)s]
(H2BL = 9,10-diethynylanthracene) showed solid-state emission at 580 nm
that originated from [ — 7*(anthryl)] IL or [0 (Au-P) — 7*(anthryl)] tran-
sition. Complexes with dppn ligands displayed [0 (Au-P) — 7*(Np)] phos-
phorescence at ~ 571-655 nm. The complex with the dcpn bridge exhibited
a much lower energy emission maximum at 707 nm, and such a red shift
could be explained by the presence of the more electron-donating cyclo-
hexyl groups that rendered the phosphorus atoms and hence the o(Au-P)
electron-pair higher in energy. The binuclear [Au;(dmpm)(C=CPh),] and
[Au;z (dmpm)(C=C-4-C¢H4OMe),] showed solid-state emission bands at 490
and 521 nm, respectively, while the corresponding trinuclear [Ausz(dmmp)
(C=CPh);] and [Auz(dmmp)(C=C-4-C¢H4OMe);] have bands at 538 and
539 nm, respectively. The emission was suggested to be originated from
a metal-centered >[(d8*)!(po)!] state. The phosphorescent state of [Aus
(dmmp)(C=CPh)3] could be quenched by electron acceptors such as 4-
methoxycarbonyl-N-methylpyridinium ion, with a bimolecular quenching
rate constant of 4.98 x 10° dm> mol~! s! in this case. The mechanisms for this
photoinduced electron transfer quenching reaction, together with a related re-
action between [Au, (dppn)(C=C-4-C¢H4;OMe),] and MV?*, were investigated
using nanosecond transient absorption spectroscopy.

The binuclear [Au,(dppb)(C=CR);] (R = "Hex, Ph, 4-C¢H4OMe) and
tetranuclear [Au4(tppb)(C=CR)4] (R = "Hex, Ph, 4-C¢H4OMe) gold(I)
alkynyl complexes were isolated and their spectroscopic properties stud-
ied [81]. The electronic absorption bands of these complexes at ~ 250-300 nm
were assigned to be ![o(Au-P)— 7*(Phpridging)] transitions. Absorption
bands observed in the complexes with the dppb ligand are usually higher



286 V.W.-W. Yam - E.C.-C. Cheng

in energy than those with tppb due to the more electron-deficient nature
of the bridging phenyl ring in the latter. Besides, the methoxyphenylethynyl
containing complexes in general are found to have a lower energy emis-
sion than those with phenylethynyls. The more electron-rich methoxy sub-
stituents would reduce the extent of metal-to-ligand back-w-donation to
the alkynyl ligands [d7(Au) — 7*(alkynyl)], which would lead to an in-
creased dm(Au)-3d(P) overlap and hence a higher o(Au-P) orbital energy.
The photoreaction between [Auy(tppb)(C=C-4-C¢H4OMe),] and MV?* was
traced by nanosecond transient absorption spectroscopy. The transient ab-
sorption difference spectrum showed a sharp absorption band at ~ 400 nm
and another broad one at ~ 600 nm, both of which are typical for the MV'*
radical absorptions, and are indicative of the strongly reducing properties
of the [Auy(tppb)(C=C-4-C¢H4OMe)4]* state. A back electron-transfer rate
constant kp, of 1.94 x 10'° dm® mol™! s™! was also estimated from a plot of
{1/AA} versus time for the decay trace.

The photophysical and photochemical properties of the binuclear [Au,
(dppf)(C=CR);] (R = Ph and 'Bu) were studied [82]. The complexes
were non-emissive in the solid state even at 77 K, but emission bands at
~ 410 nm in dichloromethane could be observed. The photoreaction between
[Au; (dppf)(C=CPh),] and the dichloromethane solvent was probed, which
led to the formation of the organic C-C coupled product, PhC=CC=CPh, and
the inorganic [Au,(dppf)Cl, ] complex.

In addition to the widely explored phosphine systems, gold(I) alkynyls
with the isocyanide ligands, which are also neutral and good o-donor ligands,
were also reported to be luminescent. [Au{CN-2,6-C¢H3(CH3); }(C=CPh)]
and [Au,(L)(C=CPh);] [L = tmb, dmb] were structurally characterized, with
the intermolecular Au- - -Au contacts determined to be 3.329(4) A, 3.565(2) A
and 3.485(3) A, respectively [83]. All the three complexes showed an intense
high-energy ![dz? — n*(isocyanide)] MLCT absorption band at ~ 240 nm,
and a lower energy [7 — m*(alkynyl)] IL absorption at ca. 273 and 278 nm.
The complexes showed a [7 — mw*(alkynyl)] IL emission at ~ 420 nm in
dichloromethane, whereas in the solid state a broad emission band at-
tributed to the 3[(d8*)! (pcr)l] metal-centered phosphorescence was observed
at ~ 550 nm.

Puddephatt and co-workers reported a series of polymeric gold(I) con-
jugated arylalkynyl complexes [84]. [Me3 PAuC=C-2,5-C¢H;R,-C=CAuPMe3;]
(R =H, CHj3) showed photoemission at ca. 415 nm in dichloromethane, which
was suggested to arise from an excited state of [7 — 7*(alkynyl)]/[o (Au-P)
— m*(alkynyl)] origin. In the solid state, the emission was red-shifted to
~ 540 nm and was suggested to originate from states of 3[(ds™)! (pa)l] metal-
centered parentage, based on the observed short intermolecular Au- - - Au sep-
aration of 3.1361(9) A in the crystal structure of [Me3 PAuC=C-2,5-CsH;Me;-
C=CAuPMe;].
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Wong and co-workers reported a series of dinuclear gold(I) phos-
phine complexes of the type [Ph3PAuC=C-X-C=CAuPPh3], with var-
ious functionalized bridging bis(alkynyl)s where X could be 9-alkyl-
and aryl-carbazoles [85,86], 3,6-bis(ethynyl)-9-butylcarbazole [85], di-
hexylfluorene [87], diphenylfluorene [88], biphenyl [89], -C¢H4OCsHjy-,
-CeH4SCgHy-, -C¢H4S(=0)CgHy- and -CgHyS(=0),CsHy- [90]. These dinu-
clear complexes usually exhibit rich photoluminescence properties associated
with the alkynyl localized triplet states, perturbed by the heavy gold(I)
centers.

[(2,6-CsH3Me;)N=CAuC=C(4-CsH4NO;)] showed a low-energy emission
at 633 nm in the solid state compared to 503 nm in dichloromethane [84], and
such a low-energy emission was ascribed to the electron-withdrawing effect
of the NO, group that stabilized the 7* orbital of the alkynyl. It was believed
that the stacking interactions between the phenyl rings among the alkynyl
and isocyanide of the two closest molecules in the crystal structure also gave
rise to the exceptionally low solid-state emission energy.

The optically transparent PCy; ligand (A > 250 nm) was also used in mak-
ing the rigid-rod complexes, [(Cy3;P)Au(C=C),Au(PCys3)] (n = 1-4) [63,91].
The complexes with n=1 and 2 showed a well-defined absorption band
extending beyond 260 nm, which was assigned as the [5d(Au) — 6p(Au)/
7*(phosphine)] transition, whereas with n =4 a highly vibronic electronic
absorption at ~ 274-290nm with vibrational progressional spacings of
~ 2010 cm™!, assigned as the dipole-allowed [ — 7*{(C=C)4}] transition,
was observed. The ethynyl complex was non-emissive in dichloromethane
at 298 K, while the butadiynyl counterpart showed a long-lived *[7 — 7*
(alkynyl)] emission at 417 nm at 298 K. The ethynyl complex showed two
dominant broad emissions centered at Aem 415 and 530 nm in both the
solid state at 298 K and as alcoholic glass. The spin-forbidden nature of the
lowest-energy [ — m*(alkynyl)] excited states was relaxed to a certain ex-
tent via spin-orbit coupling of the heavy gold centers for their prominence
both in the electronic absorption and emission spectra. The hexatriynyl
and octatetraynyl complexes exhibited sharp vibronically structured emis-
sion with the Ag_¢ lines at 498 and 575 nm in dichloromethane, respectively,
with the vibronic progressions of ~ 2120 cm™!, which could readily be as-
signed as the 3 — 7*{(C=C), }] emission. Subsequent studies on a series
of mono- and binuclear gold(I) complexes with arylalkynyl moieties co-
ordinated to [Au(PCys)]* have been reported [92]. Complexes with short
arylalkynyl chains, including [Cy;PAu(C=CR)] (R = Ph, 4-C¢H4X (X = F,
Cl, Me), C=CPh, CsH4N) and [Cy3PAu(BL)AuPCy3] (BL = C=CCsH4C=C),
showed emission bands at 408-488 nm in dichloromethane, whereas in the
solid state a well-resolved vibronic-structured emission band at 420-493 nm
with three types of progressional spacings (~ 1100, 1600 and 2100 cm™') were
assigned to the *[7 — 7*(arylalkynyl)] emission. Complexes with long ary-
lalkynyl chains, [Cy3;PAu(C=CR)] (R = 4-C¢H4Ph, CsH4(C=CCsH,4),C=CPh
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(n=1, 2)) and [Cy3PAu(BL)AuPCys] (BL = (C=CC4¢H4),C=C (n =2-4),
C=C(CgHy4),C=C), displayed dual emissions with high-energy bands at
330-407 nm and low-energy bands at 495-558 nm. The high-energy emission
was suggested to be the delayed fluorescence that occurred via a triplet-triplet
annihilation mechanism. The relationship between the phosphorescence en-
ergy and the number (n) of {C=C-C¢H4} units was illustrated from the
linear plot of AE(So-T1) (energy gap between So and T; states) against
1/n in mononuclear [(Cy3;P)Au{(C=C-C¢Hy4),-1C=CPh}] and the binuclear
[(Cy3P)Au{(C=C-C¢H4),C=C}Au(PCy3)] (n = 1-4) complexes (Fig. 11). Ex-
trapolation of the lines reveal an estimated AE(Sy-T;) value for infinite
repeating units (i.e. [(Cy3;P)Au]-capped PPE) of ~ 626 nm (1.98€eV) and
~ 607 nm (2.04 V) for the mono- and dinuclear species, respectively.

In addition, [TEE][Au(PCy3)]4 (TEE-H4 = tetraethynylethene) was found
to interestingly show 17 — n*(TEE)] fluorescence emission at 428 nm,
while [TEB][Au(PCys)]s (TEB-Hs; = 1,3,5-triethynylbenzene) displayed
3[r — 7*(TEB)] phosphorescence emission at 479 nm in dichloromethane
at 298 K [93]. The polymorphic nature of [(Cy3P)Au(4-C=CCsH4NO,)] was
studied by Che [94]. Two forms, namely E- and N-forms, were structurally
characterized, and were polymorphs with molecular dipoles in different
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Fig.11 Plot of AE(Sy-T;) against 1/n in mononuclear [(Cy3;P)Au{(C=C-C¢Hy4),-1C=
CPh}] (M) and binuclear [(Cy3;P)Au{(C=C-C¢H4),C=C}Au(PCy3)] (o) complexes [92]
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orientations and with different dihedral angles between the neighboring ni-
trophenyl moieties. The E-form of [(Cy3;P)Au(C=C-4-C¢H4NO;)] showed
3IL phosphorescence maxima at 504 and 538 nm at 298 K, while the N-
form was non-emissive at 298 K, but it showed an emission band at 486 nm
at 77 K.

The photophysical properties of a series of luminescent gold(I) phosphine
mono- and diynyl complexes with nuclearity ranging from one to three,
[(RsP)Au{(C=C),R'}] (R = Ph, R’ = "Pr, "Hex, Ph; R = 4-C¢H;Me, R’ =
Ph), [Auy(PAP)(C=CR),] (PP = dppe, R = C=C-"Hex, C(=CH;)Me; PP
= dppf, R = C4H3S, C4H25C4H3S) and [AU3(PAP)2(CECR)2][Au(CECR)z]
(PAP = dcpm, R = C=C-"Hex, C(=CH;)Me, C4H3S, C4H,SC4H3S; PAP
= dppm, R = C=C-"Hex, C(=CH;)Me, C4H3S, C4H,SC4H3S; PAP = {(4-
C6H4Me)2PCH2P(4—C6H4Me)2}, R = C(=CH2)Me, C4H3S; PAP = dmpm, R
= C(=CH;)Me, C4H3S) have been reported by Yam and co-workers [95]. In
general, the high-energy absorption bands were suggested to arise from in-
traligand phosphine-centered and [m — 7*(C=C)] IL transitions, whereas
the low-energy absorption bands were assigned as [o (Au-P) — 7*(C=C)] or
metal-perturbed [7 — 7*(C=C)] IL mixed with [5d(Au) — 7*(C=C)] MLCT
transitions. Both the electronic absorption and emission energies were found
to be dependent on the nature of the alkynyl ligands as well as the nuclear-
ity of the metal complexes. The trinuclear complexes were found to possess
the lowest emission energy, and such could be attributed to the presence of
weak Au- - -Au interactions that would raise the metal-centered do*orbital en-
ergy, causing a shift of the emission energy of the *[o(Au-P) — 7*(C=C)] or
the metal-perturbed [7 — 7*(C=C)] 3IL/[5d(Au) — 7*(C=C)] 3MLCT ori-
gin that was modified by Au- - -Au interactions (or alternatively the > MMLCT)
to the red.

Binuclear gold(I) alkynyls of the type [Au,{Ph,PN(R)PPh;}(C=CR’),]
were studied [96]. Similar to the previously reported dppe counterpart, these
binuclear gold(I) complexes exhibited short aurophilic contacts shorter than
3.2 A. Photoluminescence behavior was observed in both 77K glass and in
the solid state. However, the presence of the nitrogen heteroatom in the
diphosphine bridge changed significantly their emission origin. Through
the systematic variation of the substituents on the alkynyl and the diphos-
phine ligands and with the aid of theoretical calculations, the emission ori-
gin was attributed to be derived from the 3[n(ArC=C) — 7*(PNP)] LLCT
states that mixed with 3[7(ArC=C) — 6s/6p(Au)] LMCT and metal-centered
3[5d(Au) — 6s/6p(Au)] characters, of which the latter two were perturbed by
the presence of weak Au---Au interaction in the solid state. Such findings
are different from that assigned for the dppe analogue having metal-based
[(d8*)1(pa)1] and alkynyl-based IL excited states in the solid state and in fluid
solution, respectively [97].

The luminescence behavior of a binuclear gold(I) alkynyl complex with
a bridging dppf ligand, [(dppf)Au,{C=CC(Me)=CH,),], was also reported
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and was shown to be switched on upon copper(I) or silver(I) encapsulation
via w-bond coordination from the alkynyl moieties [98]. Lagunas and co-
workers further exemplified the idea using [(PAP)Au,(C=CPh),] (P P = 4,6-
bis(diphenylphosphino)dibenzofuran as the bridging ligand. A hexanuclear
gold(I)-copper(I) mixed metal adduct, [{(P"P)Au,(C=CPh); },Cu,], could be
isolated, after the addition of copper(I) [99].

Ethynylcrown ether containing bi- and tetranuclear gold(I) crown ether
complexes, [{(Ph3P)AuC=C},-4,5-B15C5] and [{(Ph3P)AuC=C};-4,4',5,5 -
DB18C6] were reported, which exhibited intense absorptions at ~ 268-
335nm, with tails extending to ~ 400 nm for the binuclear complex and
~ 500 nm for the tetranuclear complex [100]. The high-energy absorptions
were assigned as IL transitions characteristic of triphenylphosphine, whereas
the low-energy absorptions were assigned as [7 — 7*] IL transitions of
the alkynyl ligands. Both complexes show emission bands at 530-560 nm
in dichloromethane and in the solid state at both room temperature and
77 K, which were suggested to arise from [0 (Au-P) — 7*(C=C)] or metal-
perturbed [r — 7*(C=C)] IL excited states. Electronic absorption changes
upon addition of alkali metal ion were also observed. The binuclear gold(I)
complex with the benzo-15-crown-5 moiety had a binding affinity towards
sodium ion, while the tetranuclear gold(I) complex bearing the benzo-18-
crown-6 showed a preferential binding towards potassium ion.

Very recently, linear binuclear and macrocyclic tetranuclear gold(I)
phosphine complexes with azo-containing alkynyl ligands, [(Ph3P)Au(C=
CC6H4N=NC6H4CEC)Au(PPh3)] and [(dppm)Auz(CECC6H4N=NC6
H4C=C),Au,(dppm)] respectively, were reported [101]. The azo com-
plexes were found to have a low-energy absorption band at ~ 380-390 nm
and an absorption tail at ~ 500 nm, attributed to the [z — 7*(azo)] and
[n— m*(azo)] IL transitions, respectively. The photoisomerization of the
azo moieties in these complexes were studied, and the coordination and de-
coordination of silver(I) at the alkynyl groups in the tetranuclear macrocycle
were also achieved and employed for modulating the photoswitching pro-
cesses, as shown in Fig. 12. It is noteworthy to mention that a related struc-
turally characterized tetranuclear complex, [(dpppe)Au,{(NCsH4),CsHy
(CsH4N); }Au, (dpppe)], which has a central cyclobutane ring formed by
a [2 + 2] cycloaddition reaction of two bis(pyridyl)ethylene ligands, was
communicated to be isolated upon the recrystallization of the polymeric
[(dpppe)Au(NCs H4CH=CHC5H4N)Au]~, in the open laboratory condi-
tions [102, 103].

With the more sophisticated dialkynylcalixarenes as ligands, tetranuclear
gold(I) alkynyl complexes 8a and 8b (Fig.13), in which both o- and 7-
coordinated gold(I) centers are present and exhibit short intramolecular
Au---Au contacts of 3.1344(8) and 3.2048(8) A, were obtained [104]. The
complexes were found to be strongly luminescent at ~ 591-616 nm in the
solid state, whereas in chloroform solution or 77 K CHCl3-MeOH-EtOH glass
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the emission band has a maximum at ~ 587 nm upon photoexcitation at
~ 350-370 nm. The luminescence quantum yield determined in CHCl3 solu-
tion at 298 K was ~ 0.2. The large Stokes shift, luminescence lifetime in the
microsecond regime, and the slight perturbation of the emission energy upon
changing the substituents on the dialkynylcalixarene ligand suggest the emis-
sion origin to be derived from states of metal-cluster-centered character that
have been modified by Au. - -Au interactions and mixed with metal-perturbed
[r — 7*(C=C)] intraligand states.

Besides, a series of phosphine containing gold(I) alkynylcalix[4]crown-
5 complexes, [(R,R’5_,P)Aul,L (n=0-3) (R = Ph, R = 2-CsHsMe, 4-
CsH4Me; HyL = 5,17-diethynyl-25,27-dimethoxycalix[4]crown-5) were syn-
thesized [105, 106]. In general, these complexes showed high-energy [phos-
phine/ethynylcalixcrown] IL absorptions at 270-300nm and low-energy
absorptions at ~ 342nm that were characteristic of the gold(I) alkynyl
system. All the complexes showed an emission band at 578-585nm in
dichloromethane that was suggested to be derived from a triplet state of
metal-perturbed IL or [0 (Au-P) — 7*(phosphine)] character. The binding
properties of the complexes towards alkali metal ions (Na* and K*) could be
fine-tuned by a change in the different steric requirements of the auxiliary
phosphine ligands.

24
Trinuclear Complexes with Exobidentate N* C/N Bridging Ligands

Homoleptic trinuclear gold(I) complexes bearing exobidentate N- and/or C-
donor ligands represent an important class of luminescent molecular gold(I)
materials. This stems from the fact that the trinuclear Auz units, which pos-
sess intramolecular aurophilic contacts, can also form extensive intermole-
cular stacking through aurophilic interactions. Their structural aspects have
been reviewed recently [107]. Such intermolecular aggregations are easily
perturbed upon changing the size and types of substituents present on the
ligands, solvents, pH and temperature, and the rich photophysical behavior
associated with these supramolecular structures are usually very different
from that for the monomeric trinuclear units. In 1997, Balch reported the
remarkable solvent-stimulated luminescence (or solvoluminescence) of solid
samples of [Auz(MeN=COMe)3] 9 (Fig. 14) [108, 109]. Complex 9 displayed
an emission band with a maximum at 422 nm in chloroform, whereas in
the solid state it exhibited a dual luminescence behavior with maxima at
446 and 552 nm. The crystal structure revealed indefinite columnar stacks
of the triangular trinuclear units, both in the eclipsed and staggered confor-
mations in a 2 : 1 ratio, with the intra- and intermolecular Au- - -Au contacts
of 3.308(2) and 3.346(1) A, respectively. When a polycrystalline sample of 9
that had been previously photo-irradiated at the near-UV wavelength was ex-
posed to a drop of solvents such as acetone, chloroform, dichloromethane,
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Fig.14 Solvoluminescent and polymorphic trinuclear gold(I) complex 9 and its related
counterparts 10a—c

toluene, hexane, methanol and water in the dark, a spontaneous yellow emis-
sion that could be readily correlated with the long-lived low-energy emission
in the dual luminescence of 9 in the solid state could be observed. This gives
an indication that the solvoluminescence behavior is related to the inter-
molecular aggregation present in the solid rather than the discrete trinuclear
monomers.

Replacement of the N-methyl groups with the bulkier N-benzyl or N-
isopropyl groups did not reproduce any columnar stack in the crystal
structure that was found in 9, and no solvoluminescent behavior was ob-
served [110,111]. The closest intermolecular Au— Au contact of 3.662 and
6.417 A in the crystal packing in 10a and 10b (Fig. 14), respectively, indicated
the absence of any intermolecular aurophilic interaction.

Alteration of the intermolecular aurophilic Auz stacking was also achieved
by intercalation using planar m-conjugated acids. For instance, intercalation
using electron-accepting nitro-9-fluorenones and TCNQ has been reported
by Balch and Fackler, respectively, of which the crystalline adducts formed
did not exhibit any luminescence nor solvoluminescence behavior but rather
low-energy charge-transfer absorptions beyond 460 nm for the former and
600 nm for the latter were observed [112-114]. The polymorphic nature of
9 and 10c (Fig. 14) has also been reported, and the results further indicated
the crucial role of intermolecular {Aus} stacking in governing the photolu-
minescence and solvoluminescence behaviors in this class of complexes [111].
Intercalation with perfluoronaphthalene resulted in the enhancement of the
singlet-triplet intersystem crossing and phosphorescence of the perfluoron-
aphthalene, whereas intercalation of perfluorobenzene caused a quenching
of the blue Au; luminescence [113-115]. Similar intercalation with the trin-
uclear organometallic mercury(II) complex, [Hgs(u-C,C-CsF4)3], afforded
a sandwiched complex that exhibited weak intermolecular Au.--Hg interac-
tions and a red shift in the emission energy [116]. Intercalation of 11 and
12 (Fig. 15) using metal ions such as Ag* and TI* ions was demonstrated
by Burini and Fackler [117]. In general, short intermolecular metallophilic
contacts of ~ 3 A were observed upon the sandwiching of the metal ions
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Fig.15 Structure of the trinuclear gold(I) complexes 11 and 12

by the Au; moieties, and at the same time the sandwiched complexes ex-
hibited luminescence thermochromism with a red shift in emission energy
upon lowering the temperature from ambient to 77 K. Coppens and Omary
reported the synthesis of Ausz complex, 13 (Fig. 16), using a triazolate lig-
and and the complex was shown to exhibit multiple phosphorescence bands
both in the solid state and in solution due to the different inter-convertible
effective symmetries in the crystal structures that are governed by the crys-
tal temperature and solution concentration [118]. The quenching proper-
ties of 13 towards protonation by Brensted acids and m-intercalation were
also reported.

iPr\(@T‘Pr

Au iPr

@N Au- Ngj\‘(

13

Fig.16 Structure of the trinuclear gold(I) triazolate complex 13

With the previously demonstrated ability of trinuclear gold(I) pyrazo-
late complexes that possess long-alkyl chains to form columnar mesophases
[119-121], Aida and co-workers synthesized a series of luminescent Auj
complexes bearing dendritic poly(benzyl ether) functionalized pyrazole lig-
ands [122]. By controlling the dendron generation, superhelical fibres with
extensive intermolecular Aus stacking could be obtained, which resulted in an
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Fig. 17 Phosphorescent trinuclear gold(I) organogel

effective energy transfer from the dendritic wedge to the columnar {Aus},
core (the antenna effect). Subsequent works by the same group showed
the gelation properties of 14 (Fig. 17) and reversible RGB-color switching
could be achieved through the intervention of the Ausz stacking by Ag* ions
(Fig. 18) [123].

Cool (Gel)

- f; o e
—— (b = 254 M)
Heat (Sol)

_— - > {#eyy = 365 nm)
Heal (Sol) - %

Fig.18 Luminescence profiles of 14 in hexane. Pictures and schematic self-assembling
structures of (a) sol, (b) gel, (c) sol containing AgOTf (0.01 equiv.), and (d) gel containing
AgOTf (0.01 equiv.) [123]
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25
Miscellaneous Gold(l) Complexes

A fluorescent cationic tetranuclear gold(I) rectangle, [(p-Ph,PAnPPh;)Au,
(1-4,4'-bpy)2 Auz (u-Ph, PAnPPh;,)]X4 (X = PFs, NO3), was assembled using
9,10-bis(diphenylphosphino)anthracene and 4,4-bipyridyl [124]. The mo-
lecular rectangle has a cavity of 7.921(3) x 16.76(3) A as reflected from its
crystal structure, and its complexation behavior towards various aromatic
molecules at the cavity was demonstrated.

Leznoff and co-workers reported the structural characterization and
the polymorphic nature of a gold(I)-copper(II) coordination polymer,
[Cu{Au(CN); },(dmso); ] [125]. In a green polymorphic form it possessed
a 1-D chain structure with five-coordinate copper(II) centers, while a 2-D
corrugated sheet structure with six-coordinate copper(II) centers was char-
acterized in the blue polymorph, both of which are linked together to form
a 3-D structure via aurophilic interactions. These two polymorphs exhibited
virtually identical vapochromic behavior towards water, MeCN, dioxane, dmf,
pyridine and ammonia, with the formation of [Cu{ Au(CN); },(solvent)] .

Recently, there has been a blooming growth of study on the use of NHC lig-
ands as alternatives and extensions for organic phosphines, due to the good
o-donating ability of the carbene ligands and hence they are capable of stabi-
lizing metal centers in both high and low oxidation states. More importantly,
the steric and electronic properties of the NHC ligands can be fine-tuned
easily by the variation of the organic groups attached to the nitrogen atoms.

In this regard, Lin and co-workers have reported a series of mononuclear
gold(I) complexes with one or two NHC ligands coordinated to the metal
centers [126,127]. Complexes of the type [Au(NHC),]*, [Au(NHC)X] (X =
halide), [Au(NHC)(C=CPh)], [Au(NHC)(SPh)] and [Au(NHC)(NR)] (NR =
carbazolate) were isolated, and most of them were shown to be luminescent.

Catalano and co-workers also reported a series of mononuclear, trinu-
clear and polymeric homo- and heterometallic gold(I) complexes, with the
NHC ligands having additional nitrogen-donor groups (such as 2-pyridyl and
2-pyridinylmethyl) attached to the carbene nitrogens [128, 129]. All the NHC-
containing gold(I) complexes studied were also reported to be emissive in
nature.

3
Photophysical and Photochemical Properties of Gold(ll) Complexes

Compared to the extensively studied luminescent gold(I) complexes, reports
on the gold(II) systems are much less explored. Within the scanty list of ex-
amples, very few of them have had their electronic spectroscopy investigated.
Fackler and co-workers investigated the spectroscopic properties of a se-
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Fig. 19 Luminescent binuclear gold(II) complexes

ries of binuclear annular gold(II) complexes with bridging dithiolato ligands,
("BugN),[Auy (i-mnt),X,] (X = Cl, Br, I) (Fig. 19a) [130]. A low-energy ab-
sorption band was observed for these complexes, with an energy trend of X =
ClI (550 nm) > Br (586 nm) > I (640 nm) which follows the order of decreasing
electronegativity of the halo ligands and increasing Au-Au bond distance (X
= Cl (2.550 A) < Br (2.570 A)). These absorptions were assigned as [0 — 0*]
transitions.

Yam and co-workers reported a novel series of binuclear cationic gold(II)
complexes, [{Au(dppn)X},](PFs), (X = Cl, Br, I) (Fig. 19b) [131, 132], with
an unsupported formal Au'-Au'! bond. Although a similar low-energy ab-
sorption band with an energy trend of X = Cl (520nm) > Br (544 nm)
> I (602 nm) (Fig. 20) that follows the order of decreasing electronegativ-
ity of the halo ligands was also observed, such a trend was not in agree-
ment with the increasing Au'-Au! bond distances (X = Br (2.6035A) <
Cl (2.6112 A) < I (2.6405 A)) and a direct assignment of a [0 — ¢*] tran-
sition was not possible. Instead, this low-energy absorption was suggested
to involve a transition of substantial [do(Auy)/pm(X) — do*(Auy)] metal-
centered/LMCT character that mixed with a [po(P) — do*(Auz)] LMCT char-
acter. The three halo complexes were also found to be luminescent in nature.
An emission energy trend of X = Cl (555nm) > Br (580 nm) > I (685 nm) in
77 K glass was observed (Fig. 20), with excitation bands that were similar to
those of the low-energy absorptions. An emission with origin similar to that
assigned for the low-energy absorptions was suggested.



298 V.W.-W. Yam - E.C.-C. Cheng

—X=Cl
A X=Br
Vs \-Lx:v‘ " e X = 1

£x10™/dm’mol”em’’
Normalized emission intensity

T T T T T T T T T T T
300 400 500 600 700 800 500 550 600 650 700 750 800 850
Wavelength / nm Wavelength / nm

Fig.20 Electronic absorption spectra in dichloromethane at 298 K (left) and normal-
ized emission spectra in solvent glass at 77 K (right) for [{Au(dppn)X}.](PFs)2 (X = Cl,
Br, I) [132]

4
Photophysical and Photochemical Properties of Gold(lll) Complexes

4.1
Gold(l1) Alkyl and Aryl Complexes with Ancillary Diimine Ligands

Although there have been numerous reports on luminescent platinum(II)
complexes, related studies on the isoelectronic gold(III) systems are much
less explored. A probable reason may be the presence of low-energy d - d lig-
and field (LF) states and the high electrophilicity of the gold(III) center. The
presence of a non-emissive low-lying d - d state would quench the lumines-
cent excited states by thermal equilibrium or energy transfer. It was suggested
that the introduction of good o-donor ligands would render the metal cen-
ter more electron rich, with the additional advantage of raising the energy
of the d - d states, which would then improve the chance of obtaining lumi-
nescent gold(III) complexes. This concept was demonstrated by the report of
a series of luminescent organogold(III) diimine complexes, [AuR;(LAL)]ClO4
(R = mes, CH,SiMes; LAL = 2,2-bpy, phen, dpphen) [133]. Detailed sys-
tematic comparison studies with the [AuCl,(LAL)]ClO4 and the platinum(II)
analogues suggest that several possible assignments for the emission could
be made including metal-perturbed [7 — 7*] IL, [Au— 7*(N/~N)] MLCT,
[R — 7*(N”N)] LLCT, or mixtures of them in origin.

4,2
Cyclometallated Gold(lll) Complexes

In addition to the organogold(IIl) diimine system described in the previ-
ous section, ancillary aryls could also be incorporated as part of the di-
imine ligand moiety in obtaining luminescent gold(III) complexes. A se-
ries of cyclometallated chlorogold(III) complexes, [Au(NANAC)CI]* 15a,b
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Fig.21 Structure of the cyclometallated chlorogold(III) complexes 15a-b, and the related
terpyridyl counterpart 15¢

(Fig. 21) were reported to be luminescent in the solid-state, in fluid solu-
tion and in 77 K glass matrices [134,135]. The richly vibronic-structured
emission of 15a with progressional spacings of ~ 1400 cm™! in various me-
dia, together with the luminescence lifetimes in microsecond range and
the insensitivity of emission energies to solvents supported an emission
origin of triplet intraligand parentage. Perturbation of emission by the
gold(ITI) metal center was observed when the results were compared to
those for the free NANACH ligand and the related platinum(II) complex,
[Pt(NANAC)(MeCN)]*. The excited state of 15a was found to be a powerful
photo-oxidant toward 1,4-dimethoxybenzene and thf, resulting in the gen-
eration of the 1,4-dimethoxybenzene cation radical and the oxidative ring
cleaved product of thf, respectively. The emission of 15b was quenched and
blue-shifted upon intercalation to calf-thymus DNA, with the quenching rate
constant in between that for poly(dG-dC), and poly(dA-dT),, revealing the
lack of specificity at the GC and AT sites. The terpyridyl analogue 15¢ (Fig. 21)
was also studied for comparison.

More recently, the dianionic bis-cyclometallated diarylpyridine ligands
were employed in the synthesis of luminescent bis-cyclometallated gold(III)
complexes, 16a—f (Fig. 22) [136] and 17a-e (Fig. 23) [137, 138]. The electronic
absorption spectra of 16a-d exhibited characteristic vibronically structured
bands at 383-404 nm that were attributed to the metal-perturbed [7 — 7*]
IL transitions. They are also emissive in MeCN at 77 K with the emission max-
imum at ~ 483-485 nm that originates from the metal-perturbed [7 — 7*]
IL phosphorescence, in view of the relative insensitivity of the emission en-
ergy to the nature of the ancillary ligand, such as chloro, phosphine, thiolate
or imidazole. The binuclear complexes, 16e,f, exhibit similar absorption and
emission patterns as the mononuclear analogue 16b, but the energies are red-
shifted due to the plausible intramolecular -7 stacking of the { Au(CAN~C)}
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Fig.22 Structure of the bis-cyclometallated gold(III) complexes 16a—f

R
Fig.23 Structure of the bis-cyclometallated gold(III) alkynyl complexes 17a-e

moieties in the binuclear complexes that gives rise to the presence of ex-
cimeric characters in the excited states. It is noteworthy to mention that the
chloro complexes usually do not emit in fluid solution at room tempera-
ture, and one way to make this class of complexes emissive is to increase
the IL character by introducing extra phenyl rings on the ligand, similar to
that for 15a,b. Yam and co-workers used an alternative strategy in enhancing
the emissive character of the gold(III) complexes by introducing the strongly
o-donating alkynyl ligands to the gold(III) center so as to raise the energy
of the d - d states and to reduce its electrophilicity. Complexes 17a-e were
found to exhibit luminescence in various media at both low and ambient
temperature. Complexes 17a-c exhibited characteristic vibronically struc-
tured absorption bands at 362-402 nm and emission maxima at 474-476 nm
in dichloromethane at 298 K, which were attributed to the metal-perturbed
[r — n*(CANAC)] IL transitions and phosphorescence, respectively, involv-
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ing charge transfer from the phenyl to the pyridyl rings. In addition to the
typical CANAC ligand absorption, 17d and 17e also displayed a low-energy
absorption tail at ~ 415 and 460 nm, respectively, which were ascribed to an
admixture of [7 — 7*(CANAC)] IL and [7(C=CCgH4NR;) — 7*(CANAC)]
LLCT transitions due to the presence of the good electron-donating amino
group on the phenyl alkynyl ligands. The emission energies of 17d and 17e in
dilute solutions are significantly red-shifted to 611 and 620 nm, respectively,
and the structureless feature of the emission band supports an assignment of
a 3[r(C=CCgH4NR;) — 7*(CANAC)] LLCT origin. Interestingly, 17a-e dis-
played a low-energy structureless emission band at 550-588 nm in the solid
state, and such a red shift was attributed to dimeric or excimeric emission
arising from the 7-7 stacking of the planar {Au(CANAC)} units, in agree-
ment with the short inter-planar distance of 3.384 A as observed in the crystal
structure of 17a. Complexes 17a and 17e were also demonstrated to pos-
sess interesting electroluminescence properties and were employed as both
electrophosphorescent emitters and dopants in the fabrication of multilayer
organic-light-emitting devices (OLEDs) [138]. Dopant concentration- and
voltage-dependent tunable OLEDs were fabricated and a maximum external
quantum efficiency of 5.5%, corresponding to a current efficiency of 17.6 cd
A1 and luminance power efficiency of 14.51m W~! could be achieved in one
of the multilayer OLEDs.

4.3
Porphyrinato Gold(lll) Complexes

Exploration of the photophysical properties of gold(III) porphyrin complexes
was initiated by Fleischer and Laszlo in the late 1970s, where the electronic
absorption properties of [Au(TPP)](AuCly) 18 (Fig. 24) in pyridine and chlo-
roform were found to possess two absorption bands (A/nm (¢ /M~'cm™):
~ 410 (~ 10°); ~ 520 (~ 10%)), both of which were blue-shifted with respect
to the closed d-shell metalloporphyrin and were classified as hypso [139].
Later, related studies of 18 in various solvents in the presence of tetraalky-
lammonium perchlorate were carried out by Jamin and Iwamoto in 1978,
where an additional weak low-energy band was observed at ~ 600 nm with
molar extinction coefficients of the order of 10> M~'cm™" [140]. These three
bands at ~ 410, 520 and 600 nm were assigned as the Soret, the Q(1,0) (or
B) and the Q(0,0) (or ) bands, respectively. Parallel studies with the anal-
ogous complexes 19a,b (Fig. 25) were also demonstrated [140]. Gouterman
and co-workers demonstrated for the first time the phosphorescence nature
of the gold(III) porphyrin-type complex [141]. Complex 18 was found to ex-
hibit no fluorescence, but rather a vibronically structured phosphorescence at
~ 700 nm in 77 K ethanol: glycerol (11 : 1 v/v) glass with a phosphorescence
quantum yield of 6 x 107> was observed. Its luminescence decay was found
to be non-single exponential with lifetimes of 64 and 183 ps. In a related
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study, it was determined that the depopulation of the first or lowest energy
singlet excited state of 20 (Fig. 26) in EtOH at room temperature occurred
with a time constant of 240 fs to the charge-transfer state [142]. Albinsson
and co-workers subsequently investigated the photophysical properties of the
triplet states of 20, 21a and 21b (Fig. 27) in various media at different tem-
peratures [143]. It was found that, in addition to the previously reported
biexponential phosphorescence decay in the microsecond range correspond-
ing to the two degenerate triplet excited states, there existed a “dark” state
with a lifetime in the range of 20-50 ns attributed to the optically forbidden
ILMCT state. This LMCT state was suggested to act as a gate for the triplet
state formation versus the deactivation process to the ground state.
Pioneering works by Harriman and Sauvage reported the zinc(II)-gold(III)
bis(porphyrin)-type complexes with diimine linkers, where the photoinduced
electron transfer process from the zinc(II) porphyrin excited state to the
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cationic gold(III) porphyrin moiety could be tuned by complexation of cop-
per(II) centers at the central diimine bridge [144-147]. In addition, systems
involving ruthenium(II), osmium(II) and iridium(III) centers were also in-
vestigated and will be discussed elsewhere in this volume. The gold(III) por-
phyrin moieties, capable of being easily reduced, have been utilized as elec-
tron acceptors in the photoactive multi-component “donor-bridge-acceptor”
(D-B-A) assemblies involving photoinduced electron transfer processes [148-
155]. The understanding of the underlying redox properties and origins of
the gold(III) porphyrin systems becomes crucial in the design of efficient D-
B-A systems. Kadish, Fukuzumi and Crossley’s groups investigated the redox
nature of the gold(III) porphyrin systems using spectroelectrochemistry and
ESR studies, in which the substituent on the porphyrin ring was found to
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play an important role in governing the nature of the reduction process [156].
In general, gold(III) porphyrins are capable of undergoing three successive
reductions. For 21a and 22b, c (Fig. 28), the first reduction indeed involves
the metal-centered [Au(III) - Au(II)] reduction, followed by the two suc-
cessive reductions at the porphyrin ring to afford the porphyrin w-anion
radicals [156, 157]. When electron-withdrawing groups such as NO;, were at-
tached to the porphyrin ring, i.e. 22a (Fig. 28), the 7* orbitals of the whole
porphyrin ring were essentially lowered in energy, and the site of the first re-
duction would switch from the gold(III) center to the porphyrin ring. The

MeC02

23
Fig.29 Structure of the pyrene-functionalized gold(III) porphyrin complex 23
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photocatalytic oxidative degradation of guanine by a pyrene-functionalized
gold(III) porphyrin complex, 23 (Fig.29) was studied by Knor, in which
a quantum yield of 0.03£0.01 and an initial turnover frequency of 66 h~!
were demonstrated at 298 K [158].

5
Conclusion

Coordination and organometallic complexes of gold(I) often display inter-
esting luminescence properties. The presence of the heavy gold(I) centers,
with the enhancement of intersystem crossing, provides an effective means
for the access of the spin-forbidden triplet states by heavy-atom effect upon
photoexcitation to the singlet excited states. Aurophilic contacts are usually
observed in the solid state structure of gold(I) complexes and do play a role in
perturbing the luminescence nature of this type of complexes, when there is
an involvement of orbitals from the gold metal center. Luminescent gold(III)
complexes are much less explored compared to that of gold(I), and yet could
be obtained in general by raising the energy level of the low-lying d - d states
via coordination of good o-donor ligands. Examples of luminescent gold(II)
complexes are rare, and photoexcitation of gold(II) complexes usually results
in the weakening of the metal-metal bond due to the promotion of electron
density to the anti-bonding o *(Au-Au) orbitals, which accounts for their gen-
eral instability.
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