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. Introduction

Long-range electron transfer plays a key role in chemistry and
iology. Two particularly important processes that involve charge
ransfer over long distances are photosynthesis and respiration
1–3]. This has stimulated much research on both biological and
rtificial long-range electron transfer systems [4–15]. After all, it
s unusual for chemical reactions to occur between two reactants
hat are separated spatially by 10 Å or more. A common approach
o experimental investigations in this field has been to study redox
eactions that can be triggered by light, whereby the progress of
long-range electron transfer can often be resolved temporally.

uch kinetic information is of particular interest for the con-
truction of artificial systems that emulate natural photosynthesis
ince to an important extent, solar energy conversion is a mat-
er of speeding-up desired energy-storing (long-range) electron
ransfer and slowing-down undesired energy-wasting reactions
16]. The experimental approach of photoinducing the electron
ransfer between distant redox partners has been applied to both
iological and synthetic systems. For instance, redox-active pro-
eins have been equipped with transition metal complexes that
erve as phototriggers for long-range electron transfer involving
he protein active sites [17]. On the other hand, purely artificial
onor–bridge–acceptor systems have been investigated in large
umbers, for example porphyrin–quinone molecules that seek a
lose chemical analogy to the redox partners involved in the pri-
ary light-induced reactions of photosynthesis [18,19]. Many other

ystems considered functional mimics of the photosynthetic reac-
ion center are based on transition metal complexes whereby d6

nd d8 metal diimines play a prominent role [20]. It is on recent
rogress in this particular sub-area of the long-range electron
ransfer field that this review article will focus. More precisely
his includes studies on artificial systems that make use of d6

r d8 metal complexes for investigation of light-triggered elec-
ron transfer proceeding over distances of at least 10 Å. Work
ublished since the year 2000 will be reviewed. In a sense, the
urrent article could therefore be considered an update of pre-
iously published reviews, either on long-range electron transfer
n general [18,20–25], or on charge transfer over long distances
nvolving metal complexes of ruthenium(II) [26–34], rhenium(I)
14], osmium(II) [26,30], iridium(III) [28,35], iridium(I) [36], and
latinum(II) [37]. Indeed, these are the most popular inorganic
ensitizers. We begin with a short introductory tutorial on basic
oncepts used in this review. It is kept brief intentionally since
here exist already several excellent publications that give detailed
urveys of fundamental aspects of photoinduced electron transfer
18,20,21,38,39].
All d6 metal photosensitizers considered in this review are
exacoordinate, and the metal ions are practically in octahedral
icrosymmetry. In strict Oh symmetry, the set of five d-orbitals

hat are degenerate in the free metal ion splits into three essentially
onbonding degenerate t2g orbitals and two degenerate antibond-

p
i
c
a
f

ng orbitals with eg symmetry (Fig. 1). These three- and two-fold
egeneracies are further lifted by deviations from Oh to lower
oint symmetries, but this effect is neglected here for simplicity.
he energetic splitting between the t2g- and the eg-orbital sets
s essentially a function of both the chemical nature of the metal
nd its ligands. The polypyridine ligands relevant to this review
xert fairly strong ligand fields. As far as the metal is concerned,
he 4d and 5d electrons of second- and third-row metals have a
arger spatial distribution than the 3d electrons of first-row met-
ls. These two facts lead to a situation for octahedral 4d6 and
d6 polypyridine complexes in which the HOMO corresponds to
he metal-localized t2g-orbitals, and the LUMO is an antibonding
*-orbital that is localized on a polypyridine ligand; the ligand
eld is sufficiently strong for the eg metal orbitals to lie ener-
etically above the ligand �* orbitals. This particular electronic
tructure forms the basis for the unique photoredox properties of
his class of compounds: upon photoexcitation with visible light,
n electron is promoted from the t2g to the �* orbital, resulting
n a metal-to-ligand charge transfer (MLCT) state (Fig. 1, right)
hat is long-lived (>100 ns) in many cases. During this excited-
tate lifetime, the redox potentials of the complex are dramatically
ltered: the metal complexes become both better oxidants and
eductants than in their electronic ground states (their reduction
an now occur by hosting the additional electron in a t2g-orbital
nstead of a higher-energy �* orbital; conversely their oxidation
ccurs by removal of the excited �* electron which is more readily
bstracted than a t2g electron in the ground state). The excited-
tate oxidation and reduction potentials are generally estimated by
ubtracting and adding, respectively, the energy of the electronic
rigin of the emissive 3MLCT state (E00) from the ground-state
otentials:

(M+/∗M) = E(M+/M) − E00 (1)

(∗M/M−) = E(M/M−) + E00 (2)

Based on these photoinduced redox potential changes, electron
ransfer can be phototriggered: reactions that are thermodynam-
cally uphill from the ground state become exergonic upon light
xcitation. This is the principle of photosensitizing in the vast
ajority of systems considered in this review. Depending on the

xact values of ground-state potentials and MLCT energies, a spe-
ific d6 polypyridine photosensitizer may either be used preferably
s an excited-state reductant or oxidant. The Re(I) and most of the
r(III) systems mentioned in this review behave as excited-state
cceptors, whereas the Os(II) complexes are donors. Ru(II) sensi-
izers can be both.

The energy level diagram in Fig. 2 illustrates the photoinduced

rocesses that may occur upon excitation of a photoreductant,

.e., an excited-state donor: from the MLCT-excited state, a so-
alled charge-separated state with an oxidized donor and a reduced
cceptor is thermodynamically accessible via an electron trans-
er process that is referred to as photoinduced charge-separation.
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Fig. 1. Simplified molecular orbital diagr
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F
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ig. 2. Energy level diagram illustrating photoinduced charge-separation and ther-
al charge-recombination with a photosensitizer acting as excited-state donor.

he high-energy charge-separated state has a finite lifetime and
eturns back to the ground state (by any sequence of intermediate
lectronic states). This reverse electron transfer can occur in the
bsence of light and is called thermal charge-recombination. For
he purpose of this review it is unimportant whether positive and
egative charges are actually separated or whether the photoin-
uced process is merely a charge-shift; the term charge-separated
tate will be used even for the latter class of reactions.

If the charge-separated state is sufficiently long-lived, the light
nergy stored in this state can be used to drive other chemical reac-
ions that are thermodynamically uphill [40]. This is why much

ontemporary research on artificial light-to-chemical energy con-
ersion is devoted to obtaining long-lived charge-separated states.
ne commonly adopted strategy, encountered in many case stud-

es presented in this review, relies on the Gaussian free energy

i
a
s
i

ig. 3. Potential energy surfaces for electron transfer from a photoexcited donor (*D) to
-axis (Q) is a nuclear coordinate.
am for d6 polypyridine complexes.

ependence of electron transfer rates (kET):

ET ∝ HDA
2 exp

[
− (�GET + �)2

4 · � · kB · T

]
(3)

Eq. (3) predicts that for a given temperature T, kET will be gov-
rned by the relative magnitudes of the free energy for electron
ransfer (�GET) and the total reorganization energy (�) associated
ith the charge transfer. Rates maximize for −�GET = � because in

his case the electron transfer can proceed activationless as illus-
rated in the middle of Fig. 3. In all other cases the charge transfer is
ctivated and slowed down, notably also in situations where −GET
reatly exceeds �. This scenario, depicted in the right part of Fig. 3,
s commonly referred to as the inverted region since kET decreases

ith increasing free energy in this zone. Usually, the experimen-
alist’s aim is to tune the photoinduced charge-separation to the
ctivationless point, whereas the thermal charge-recombinations
re so exothermic that they become inverted. If this is achieved, the
ate for the energy-storing process will often exceed significantly
he rate for the energy-wasting thermal recombination.

A final important concept for this review is that of electronic
onor–acceptor coupling, often abbreviated as HDA. As seen from
q. (3), this parameter has an important influence on electron trans-
er rates. HDA is essentially a measure for the overlap between the
n the long-range electron transfer systems considered here this is
bridge-mediated rather than a direct orbital overlap: so-called

uperexchange coupling between donor, bridge, and acceptor units
s responsible for the nonzero electronic interaction in systems

an acceptor (A) in the so-called normal, activationless, and inverted regimes. The
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ig. 4. Chemical structure of a Ru(II)–Mn(II) dyad. MV2+ stands for methylviologen.
his cation is needed to generate a sufficiently oxidizing Ru(III) transient species via
bimolecular flash-quench technique [42].

ith distant redox partners. This superexchange coupling usually
ecreases exponentially with increasing donor–acceptor distance.
harge transfer reactions that occur via this bridge-mediated
uperexchange mechanism are often referred to as electron tun-
eling or hole tunneling processes [20,21,41].

. d6 metal systems

.1. Ruthenium(II) polypyridines

.1.1. Swedish dyads and triads
Derivatives of tris(2,2’-bipyridine)ruthenium(II), Ru(bpy)3

2+,
re particularly well investigated photosensitizers for artificial
hotosynthetic systems [11]. In recent years, they have received
ontinuing attention, for example in Ru(bpy)3

2+–manganese dyads
nd triads that mimic the light-triggered reactions in photosys-
em II. Hammarström and collaborators have found that in a series
f Ru(bpy)3

2+ complexes with pendant picolylamine and amin-
diacetic acid ligands similar to the one shown in Fig. 4, the
uthenium(II) 3MLCT luminescence is strongly quenched upon
anganese(II) complexation to these ligands: the 3MLCT-excited

tate lifetime decreased from ∼1 �s to several nanoseconds [42].

his was attributed to energy transfer involving low-lying Mn(II)
igand-field states. However, when the Ru(II)–Mn(II) distance is
s long as in the molecule of Fig. 4, i.e., on the order of 14 Å,
his intramolecular energy transfer quenching is less efficient,
nd longer Ru(II) 3MLCT lifetimes (100–200 ns) result. Thermo-

l
e
a
c
a

Fig. 5. Triad based on a binuclear Mn(II)/Mn(II) donor, a ruthenium(II) pho
Reviews 253 (2009) 1439–1457

ynamically, intramolecular redox chemistry between the excited
u(bpy)3

2+ and the appended manganese complex is not possible,
ut the Ru 3MLCT lifetime is now long enough for bimolecu-

ar reactions to become competitive with internal excited-state
eactivation. For instance, methylviologen (MV2+) can abstract an
lectron from the photoexcited dyads whereby a highly oxidiz-
ng Ru(III) ion is generated transiently. This in turn triggers an
ntramolecular Mn(II) → Ru(III) long-range electron transfer which
s exothermic by 0.39–0.49 eV depending on the exact chemical
ature of the dyad [43]. For donor–acceptor distances ranging

rom 9 to 14 Å, electron transfer rate constants between 105

nd 2 × 107 s−1 were determined by means of transient absorp-
ion spectroscopy that monitored the recovery of the transiently
leached Ru(II) MLCT absorption. In view of the comparatively
hort donor–acceptor distances, these rates are rather slow. For
omparison, driving-force optimized (−�GET ≈ �) electron tunnel-
ng through 14 Å of protein backbone takes place with ∼108 s−1

21]. Temperature dependent studies performed on seven differ-
nt dyads between 10 and 70 ◦C reveal organization energies �
f 1.5–2.0 eV associated with the intramolecular Mn(II) → Ru(III)
lectron transfer. These large �-values are believed to be due to
ignificant intramolecular rearrangements that accompany Mn(II)
xidation, and they explain why for −�GET = 0.39–0.49 eV the rate
f Mn(II) → Ru(III) electron transfer is rather modest [43].

In another recent study the Swedish researchers from above
xplored a series of ruthenium(II) 2,2′-bipyridine (bpy) and
,2′:6′,2′′-terpyridine (tpy) complexes with covalently attached
aphthalenediimide (NDI) acceptors [44]. The bpy complexes
ehave as electron transfer dyads in which a Ru(III)–NDI−

harge-separated state forms via an energy transfer interme-
iate, an NDI triplet excited state. The tpy complexes on the
ther hand showed essentially no energy or electron transfer
rocesses which is due to the short MLCT lifetime in these
pecies. Building on this and the prior manganese research,
ammarström and collaborators reported recently on a man-
anese dimer–Ru(II)–naphthalenediimide triad with an unusually

ong-lived charge-separated state (Fig. 5) [45]. This molecule is
ssentially a Ru(bpy)3

2+ complex with two NDI substituted bpy lig-
nds and a third bpy ligand that bears a binuclear manganese(II)
omplex. A combination of time-resolved optical spectroscopic
nd EPR techniques proved necessary to elucidate fully the

tosensitizer, and a naphthalenediimide (NDI) terminal acceptor [45].



O.S. Wenger / Coordination Chemistry Reviews 253 (2009) 1439–1457 1443

F
[

p
a
a
N
f
o
p
d
3
s
s
t
i
t
m
t
a
o

i
p
[
c
i
N
p
y
l
f
n
p
e
o

(
m
i
s
[
y
a
t
b
f

c
p
c
d
p
m
a
[

F
u
T

2
d

r
s
m
t
(
i
(
t
M
i
o
d
a
s
e
b
s
r
T
n
a

e
s
t
to a ruthenium(II) to give either the homoleptic tris-complex or
heteroleptic complexes with bpy auxiliary ligands (Fig. 8). In the
homoleptic tris-TTF–dppz molecule, 1MLCT excitation leads to a
long-lived energy-rich state (2.3 �s in CH2Cl2 at room temperature)
in which a positive and a negative charge are located on two differ-
ig. 6. A triad for phototriggered phenothiazine-to-benzoquinone electron transfer
49].

hotoinduced processes that occur in this system. As in the
bovementioned Ru(bpy)3

2+–NDI dyads, the primary process is
n electron transfer from the photoexcited metal center to the
DI (marked ET-1 in Fig. 5) whereby an NDI radical anion is

ormed. By contrast to the abovementioned dyads, in this triad
ne does not observe a Ru(III) intermediate as an oxidation
roduct. This is because a charge-shift from the Mn(II)/Mn(II)
imer to the oxidized ruthenium takes place within less than
0 ns, thereby generating a Mn(II)/Mn(III)–Ru(II)–NDI− charge-
eparated state with a lifetime of 600 �s in room temperature
olution. The unusual stability of this state is again attributed to
he very large (internal) reorganization energy (� ≈ 2.0 eV) that
s associated with charge-recombination; this is due to impor-
ant differences in metal-to-ligand bond lengths (∼0.2 Å) when the

anganese complex changes its oxidation state from Mn(II)/Mn(II)
o Mn(II)/Mn(III). In fluid butyronitrile at 140 K, this strongly
ctivated (−�GET ≈ 1.1 eV) intramolecular charge-recombination
ccurred on a 0.1–1 s timescale.

When the triad from Fig. 5 is prepared without the manganese
ons, i.e., with the free picolylamine ligand, a molecule suitable for
roton-coupled electron transfer studies is obtained (not shown)
46]. The free ligand contains a hydrogen bonded phenol that
an act as an electron donor to photogenerated Ru(bpy)3

3+ (the
nitial Ru(II) complex is photooxidized by a covalently attached
DI acceptor), whereby the phenolic proton is released. The same
icolylamine ligand can also form complexes with ruthenium. This
ields a mixed-valent Ru(II)/Ru(III) moiety that can be covalently
inked to a Ru(bpy)3

2+ photosensitizer as in the manganese triad
rom Fig. 5 [47]. One of the original aims of this mixed-valent ruthe-
ium dyad work was to improve the water oxidation capability of
reviously investigated dinuclear ruthenium complexes [48]. How-
ver, the new dyad proved to be more useful as a photosensitizer
n a nanocrystalline TiO2 surface.

Fig. 6 shows a phenothiazine (PTZ)–Ru(bpy)3
2+–benzoquinone

BQ) triad that was investigated recently by the teams around Ham-
arström, Åkermark, and Sun. When the ruthenium(II) complex

s photoexcited, a PTZ+–BQ− charge-separated state forms via a
equence of Ru(II) → BQ and PTZ → Ru(III) electron transfer steps
49]. The final charge-separated state forms with unusually high
ield (>90%), is fairly long-lived (80 ns), and stores a significant
mount of energy (1.32 eV). Unfortunately the molecule turned out
o be photolabile, and the original plan, namely to prepare a tetrad
y attaching a terminal electron acceptor at the pendant bpy ligand,
ailed.

The same laboratories report on a triad comprised of a
yclometalated ruthenium(II) complex, a Ru(bpy)3

2+ unit, and a
yromellitimide acceptor (not shown) [50]. This triad works as a
ombined antenna/charge-separation system, but fails to exhibit

istant charge-separation through sequential absorption of two
hotons as attempted to observe via pump-pump-probe experi-
ents. Such multicomponent molecular species containing both

n antenna and a charge-separation subunit are still relatively rare
51–53].

F
o

ig. 7. Trinuclear ruthenium(II) complex with an appended tetrathiafulvalene (TTF)
nit. Photoexcitation of the central ruthenium leads to electron transfer from the
TF to a peripheral Ru complex [54].

.1.2. Reductive excited-state quenching with tetrathiafulvalene
onors

In recent years, tetrathiafulvalene (TTF) donors have also
eceived some attention in conjunction with Ru(bpy)3

2+ photosen-
itizers. A case in point is the trinuclear Ru(II) complex with a TTF
oiety covalently attached to a bpy ligand in Fig. 7 [54]. In this sys-

em photoexcitation of the trinuclear ruthenium core very rapidly
<200 fs) leads to the selective formation of an MLCT-excited state
nvolving a peripheral ruthenium and a 2,3-bis(2′-pyridyl)pyrazine
dpp) bridging ligand. This is followed by a long-range elec-
ron transfer from the TTF via the central ruthenium(II) to the

LCT-excited peripheral ruthenium. This reaction sequence was
nferred from a variety of careful control experiments on a series
f suitable reference molecules. The failure to observe the oxi-
ized TTF in transient absorption experiments was explained by
charge-recombination rate that is higher than the rate for charge-

eparation. This makes sense because the forward process can be
xpected to benefit from stronger electronic coupling than the
ackward reaction: charge-separation involves two more distant
ubunits (the TTF and a peripheral Ru center), whereas charge-
ecombination occurs from a dpp bridging ligand to the oxidized
TF, i.e., over a somewhat shorter distance. As a consequence, a sig-
ificant population of the charge-separated state never builds up,
nd the TTF+ radical cation cannot be observed.

An intriguing TTF–Ru(bpy)3
2+ donor–acceptor system has been

xplored by Decurtins, Hauser and their research groups [55,56]. In
ynthetically very challenging work, they fused a TTF molecule onto
he back of a dipyridophenazine (dppz) ligand that was complexed
ig. 8. Ru(II) tris(�-diimine) complexes with a tetrathiafulvalene (TTF) donor fused
nto the back of a dipyridophenazine (dppz) ligand [55,56].
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ig. 9. Dyads for the study of long-range electron tunneling across oligo-proline
ridges of variable lengths [58].

nt TTF–dppz ligands. Direct evidence for this comes from transient
bsorption experiments in which the spectroscopic fingerprint of
TTF+ radical cation attached to a charge-neutral dppz is observed
t the same time with the spectroscopic signature of an isolated
ppz− radical anion. In the heteroleptic complex with n = 2 the
ame charge-separated state forms, but for the system with n = 1, a
ifferent behavior is observed: due to the lack of a separate dppz
cceptor for the electron coming from the TTF donor, the electron
cceptor in this case is one of the bpy auxiliary ligands. However,
his bpy−–Ru(II)–dppz–TTF+ charge-separated state forms only
ery inefficiently from the initially excited bpy–Ru(III)–dppz−–TTF
LCT state. This is likely due to the fact that electron tunneling

rom the TTF to the ruthenium(III) is now associated with a large
oulomb barrier that is caused by the dppz-localized electron. Thus,
he initially excited MLCT state not only relaxes to a long-range
harge-separated state but in part also to a luminescent 3MLCT
tate.

.1.3. Systems with long helicoidal and rigid rod-like bridges
Two recent studies make use of the Ru(bpy)3

2+ photosensi-
izer as a tool for mechanistic investigations of long-range electron
ransfer in oligo-proline bridged systems. The group of T.J. Meyer
ttached phenothiazine donors and ruthenium(II) complexes via
mide bonds to helical oligo-proline assemblies comprised of 16–19
roline residues (not shown) [57]. The striking observation is that
TZ → *Ru(II) electron transfer rates correlate with the through-
pace donor–acceptor distances (rather than the through-bond
istances) in the four dyads investigated. This implies that in these
elical oligo-prolines, the through-bond electron transfer is less

mportant. By contrast, Isied, Wishart and coworkers find long-
ange electron transfer through their donor–acceptor substituted
ligo-prolines to occur via a through-bond mechanism [58]. They
easured the rates for Ru(bpy)3

2+ → [Ru(NH3)5]3+ electron trans-
er in 10 dyads in which the number of intervening proline units
ncreased from 0 to 9, Fig. 9. A combination of photolysis and
adiolysis methods was necessary because starting with n = 5, the
u(bpy)3

2+ excited-state lifetime is too short for electron transfer
uenching to be a competitive excited-state deactivation pathway.
nterestingly the distance dependence of electron transfer rates
evealed the presence of two different regimes: for the shorter
eptides (n = 0–4) a strong distance dependence (ˇ = 1.4 Å−1) was
ound whereas for the longer systems (n = 5–9) a much weaker rate
ttenuation was observed with increasing distance (ˇ = 0.18 Å−1).
his was interpreted in terms of a changeover from a relatively
nefficient superexchange tunneling to a more efficient hopping

echanism.

E. Galoppini, G.J. Meyer, and coworkers explored the long-range

lectron transfer from Ru(bpy)3
2+ photosensitizers to nanocrys-

alline TiO2 surfaces via phenylethynyl bridging units [59]. Four
henyladamantane tripods such as the one shown in Fig. 10 were

nvestigated. The rigid tripodal design should ensure a stable, well-

e
t
d
a
b

ig. 10. Tripodal photosensitizer for charge-injection into nanocrystalline TiO2 [59].

efined three-point attachment to the surface of the metal oxide
anoparticles. The motivation for this work came from the insight
hat even if Ru(bpy)3

2+ → TiO2 charge-injection rates were 3–4
rders of magnitude slower than for Ru(bpy)3

2+ photosensitizers
hat are attached directly to a TiO2 surface (i.e., via carboxylate
roups at the 4- and 4′-positions of one or several bpy ligands), the
harge-injection efficiency could still be expected to be near unity
hile the reverse back electron transfer may be slowed down signif-

cantly. Through increase of the Ru–TiO2 distance it might thus be
ossible to get better discrimination between charge-injection and
harge-recombination efficiencies. In the investigated systems the
u–TiO2 distance is ∼17 Å, and indeed a charge-injection efficiency
ear unity was inferred from time-resolved optical spectroscopic
easurements. Disappointingly, the charge-recombination rates
ere found to be equally high as in the complexes mentioned above
ith much shorter Ru–TiO2 distances. Despite the careful design,

t is not absolutely clear whether these molecules really stand up
rom the surface. It is therefore possible that charge-recombination
ccurs via a (shorter) through-space rather than the 17 Å through-
ond pathway.

.1.4. Supramolecular systems involving charge transfer across
oncovalent bonds

The Ru(bpy)3
2+ complex has also been useful for electron

ransfer studies in supramolecular systems. König, De Cola and
oworkers investigated reductive quenching of the Ru(bpy)3

2+

MLCT state by N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD)
hereby acceptor and donor were held together by a Sc(acac)3

acac = acetylacetonate) structural motif, Fig. 11 [60]. This scandium
omplex is redox inactive but kinetically labile, i.e., a mixture of
onor–acceptor assemblies with different stoichiometries forms
nd the molecule shown in Fig. 11 is only one example out of
any different ones that are present in solution. The average (room-

emperature) lifetime of these individual Sc(III) complexes is about
�s and thus, in their excited states, the individual donor–acceptor

supra)molecules can be considered as static species. The rate con-
tant for TMPD → *Ru(II) electron transfer in the Sc(III) complex
rom Fig. 11 is 9 × 108 s−1 based on time-resolved luminescence
xperiments. The reverse process, i.e., Ru(I) → TMPD+ electron

ransfer proceeds with 2.4 × 107 s−1 based on transient absorption
ata. Importantly, in absence of Sc(III) ions, no electron transfer at
ll is observed under the very dilute conditions (conc. ∼10−5 M) i.e.,
imolecular electron transfer is negligible.
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Fig. 11. A kinetically labile assembly comprised of N,N,N’,N’-tetramethyl-p-
phenylenediamine (TMPD) donors and a Ru(bpy)3

2+ acceptor [60].
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bridging ligand between them is 4,4′-azodi(phenylcyanamide), and
ig. 12. A supramolecular donor–acceptor dyad based on hydrophobic interactions
etween the long alkyl-chains of a viologen electron acceptor and the cavity interior
f �-cyclodextrins [61].

Another recent example of a supramolecular long-range elec-
ron transfer involves a Ru(bpy)3

2+ complex with �-cyclodextrin
nits attached to the backbone of one bpy ligand, Fig. 12 [61]. Under
he condition that sufficiently long alkyl chains are used, N,N′-
ialkyl substituted 4,4′-bipyridinium ions form supramolecular

ssemblies with these cyclodextrin containing complexes. Bind-
ng constants in pH-neutral water are of the order of 104 M−1 for
n N,N′-dinonyl-4,4′-bipyridinium. The electron transfer from the
hotoexcited ruthenium complex to the viologen acceptor takes

e
v
p
o

Fig. 13. Supramolecular Ru(I
Reviews 253 (2009) 1439–1457 1445

lace with a rate constant of 4.3 × 107 s−1. Surprisingly, the singly
educed viologen species escaped detection. This is likely due to the
apidity of the electron transfer process in the reverse direction.

In prior work, the Pikramenou group, partially in collaboration
ith the De Cola team, investigated supramolecular electron (and

nergy) transfer in similar metallocyclodextrin systems [62–64].
ne of these (Fig. 13) is comprised of a ruthenium(II) bis((4′-

olyl)-2,2′:6′,2′′-terpyridine) complex, Ru(ttpy)2
2+, that is attached

ovalently to the rim of a �-cyclodextrin. The latter was methy-
ated to obtain good solubility of the overall complex in both
queous (for binding studies to hydrophobic guests) and organic
olvents (for sample purification). A biphenyl-substituted osmium
is(tolylterpyridine) complex forms 1:1 adducts with the metallo-
yclodextrin receptor; the hydrophobic interactions between the
iphenyl and the cyclodextrin cavity interior turned out to be
articularly strong in buffered aqueous solutions with high ionic
trengths. The initial oxidation state of the osmium is +II, but it can
asily be oxidized to +III using a cerium(IV) oxidant. The result-
ng Ru(II)–Os(III) dyad (Fig. 13) is stable, and photoexcitation of the
uthenium complex now induces a Ru(II)-to-Os(III) electron trans-
er. This manifests itself in a biphasic Ru 3MLCT luminescence decay
ith a slow (� = 1.9 ns) and a dominant (80%) fast (� = 100 ps) com-
onent. The former matches the 3MLCT-excited state lifetime of
he unsubstituted Ru(ttpy)2

2+ reference complex and is assigned
o guest-free metallocyclodextrin, whereas the latter is attributed
o the abovementioned electron transfer process in supramolecular
:1 donor–acceptor adducts. The rate constant for the supramolec-
lar electron transfer has been estimated to be 9.5 × 109 s−1; this

arge value has been explained in terms of the very high exother-
icity (−�GET ≈ 1.6 eV) of the process.

.1.5. Intervalence long-range electron transfer in ruthenium
imers

The molecules discussed in this sub-paragraph are examples of
irect optical metal-to-metal electron transfer in strongly coupled
olecules as opposed to photoinduced (and therefore stepwise)

rocesses in weakly coupled donor–acceptor systems. They are
hus fundamentally different from all other systems discussed in
his review.

Ruthenium has traditionally played a key role in intervalence
lectron transfer research. There exist several examples for which
n intervalence charge transfer involves Ru(II) and Ru(III) centers
hat are separated by more than 10 Å [65]. A particularly intrigu-
ng recent study reports on a Class III mixed-valence Ru(II)/Ru(III)
ystem in which the metal centers are 19.5 Å apart, Fig. 14 [66]. The
ach metal center has one tpy and one bpy auxiliary ligand. Cyclic
oltammetry experiments lead to the conclusion that the compro-
ortionation equilibrium constant for this complex is of the order
f 1013, implying very strong metal–metal coupling despite their

I)–Os(III) dyad [62,64].
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transient absorption provides clear evidence for the phenothiazine
Fig. 14. A mixed-valent Ru(II)–Ru(III) system in which long-r

arge separation from one another. Optical absorption spectroscopy
eveals an absorption band centered around 1920 nm which is only
bserved for the mixed-valent species. Consequently it has been
ttributed to an intervalence transition, and its analysis yields a
etal–metal electronic coupling of ∼2600 cm−1. This is lower than
hat would be predicted based on the comproportionation con-

tant, but is not contradictory considering that the redox potential
plit in the cyclic voltammogram is likely due to both intermetal-
ic electronic coupling and electrostatic effects. At any rate, the
xtraordinarily strong metal–metal coupling in the system of Fig. 14
as been explained by the capability of the bridging ligand to medi-
te superexchange very efficiently via both its HOMO and LUMO:
oth orbitals have the correct symmetry to interact simultaneously
ith the relevant ruthenium orbitals, and the HOMO–LUMO energy

ap is only 1.07 eV.
In a related study the groups of Harriman and Ziessel reported

n ethynylene-coupled bis(terpyridine) complexes of ruthenium
not shown) [67]. In these mixed-valent complexes, metal–metal
oupling is very weak, but extensive electron delocalization
ccurs upon one-electron reduction. This is because the bridging
olecules have very large LUMOs that extend over most of these

igands.

.2. Rhenium(I) tricarbonyl diimines

.2.1. Studies using transient infrared spectroscopy
Rhenium(I) tricarbonyl diimines are frequently used for pho-

otriggered electron transfer studies. With their most intense
bsorptions located in the blue and UV spectroscopic ranges, these

omplexes are much poorer light harvesters than Ru(bpy)3

2+, but in
heir long-lived excited states the rhenium(I) tricarbonyl diimines
re usually significantly more potent oxidants. Perutz and collabo-
ators reported on Re(bpy)(CO)3–metalloporphyrin dyads, Fig. 15,

ig. 15. Zinc(II) porphyrin–rhenium(I) dyad that has been investigated by transient
R spectroscopy [68,69].

r
I
q
t

F
p

ntervalence charge transfer takes place very efficiently [66].

hich provide illustrative examples of supramolecular photochem-
cal systems [68,69]. Visible light irradiation (>495 nm) of these
yads selectively excites the porphyrin moiety, thereby trigger-

ng a long-range electron transfer from the zinc(II) porphyrin
o the rhenium complex. This in turn leads to the expulsion of
n axial 3-methylpyridine ligand coordinated to the rhenium.
n presence of bromide ions, the corresponding bromo-complex
L = Br−; n = 0) forms quantitatively after ligand substitution and
ack electron transfer from the reduced rhenium to the oxidized
orphyrin [68]. The porphyrin part of the dyad has the domi-
ant optical absorption features, and therefore UV–vis transient
bsorption spectroscopy is not suitable for the investigation of the
hotoredox processes that occur on the rhenium moiety. Instead,
ransient infrared spectroscopy was employed, whereby elegant
se of the CO stretching frequencies as spectroscopic handles was
ade [69]. Porphyrin → Re(bpy)(CO)3 electron transfer causes a

0–30 cm−1 red-shift of these IR absorptions due to increased Re-
o-CO �-backbonding. These experiments reveal that for the Zn(II)
orphyrin from Fig. 15 the intramolecular electron transfer from the
hotoexcited porphyrin to the rhenium occurs with a time constant
f 5 ps. The resulting charge-separated state has a lifetime of only
0 ps and relaxes to a vibrationally excited electronic ground state.
elaxation of this vibrationally hot state takes another 35–55 ps.

A combination of transient absorption, time-resolved resonance
aman, and time-resolved IR spectroscopy was employed to inves-
igate the photoinduced processes occurring in the triad shown
n Fig. 16 [70]. UV excitation of this molecule leads to the for-

ation of a relatively long-lived (300 ns) charge-separated state:
adical cation and for the anthraquinone radical anion. Transient
R experiments further confirm the formation of the latter (the
uinone-based CO stretch shifts by −118 cm−1), and, importantly,
hey show that the electron density at the rhenium complex is rel-

ig. 16. Triad based on a phenothiazine donor, a rhenium(I) tricarbonyl diimine
hotosensitizer, and an anthraquinone acceptor [70].
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Fig. 17. Azacrown–rhenium(I) dyad for light-triggered cation release [71].

tively unperturbed compared to the ground state (the IR bands
f the metal bound carbonyls shift by less than −15 cm−1). In other
ords, the rhenium stays formally in the +I oxidation state. The slow

ate of back electron transfer from the reduced anthraquinone to
he oxidized phenothiazine has been explained in terms of weak
lectronic coupling between the two moieties due to the presence
f orbital nodes at the connecting metal center.

.2.2. Towards electron transfer-triggered cation release from an
zacrown

The photoreactivity of a rhenium(I) tricarbonyl 2,2′-bipyridine
omplex with a covalently attached azacrown, Fig. 17, could be
lucidated fully by time-resolved UV–vis spectroscopy [71]. In
his molecule the tertiary amine acts as an electron donor and
he photoexcited metal complex is the electron acceptor; the
hrough-bond donor–acceptor distance is 10.6 Å. The intramolec-
lar charge transfer occurs with a time constant of 0.5 ns whereby
so-called ligand-to-ligand charge transfer (LLCT) state forms: the
py ligand bears a negative, the azacrown a positive charge. Pro-
onation of the azacrown raises the energy of this state above
he 3MLCT level, and electron transfer is suppressed for ther-

odynamic reasons. This manifests itself in an increase of the
uminescence lifetime from <1 ns to 138 ns and a concomitant
ncrease of the luminescence intensity. Transient absorption exper-
ments show that charge-recombination is a factor of 38 slower
han charge-separation. Two explanations are given for this obser-
ation: (i) forward electron transfer is moderately exergonic
�GET = −0.14 eV) and occurs in the Marcus normal region (the
stimated total reorganization energy � is 1.0 eV) whereas back
lectron transfer is highly exergonic (�GET = −2.29 eV) and occurs
n the Marcus inverted region; (ii) the forward electron transfer
ccurs over a shorter distance (from the azacrown to the rhe-
ium(II) center) than back electron transfer (from the bpy ligand to
he azacrown), i.e., electronic donor–acceptor coupling is weaker
or the charge-recombination than for the charge-separation. The
zacrown–rhenium donor–acceptor molecule in Fig. 17 may be of
nterest for light-triggered cation release: azacrowns can bind small
ations; upon electron transfer a radical cation forms at the nitro-
en atom which may be expected to lead to expulsion of such a
ationic guest.

.2.3. Supramolecular dyads formed by hydrogen bonding or
ydrophobic interactions

Rhenium(I) tricarbonyl diimines have also been useful
or exploring long-range electron transfer in self-assembled
onor–acceptor systems. A case in point is the barbiturate-based

ost–guest system shown in Fig. 18 [72] comprised of a lumines-
ent rhenium(I) complex with a 2,2′-bipyridine ligand that has a
ovalently attached barbiturate. This entity forms relatively stable
:1 adducts with a barbiturate receptor bearing a methylviologen
nit on its back. In dichloromethane the association constant Ka

�
f
a
a
e

ig. 18. A supramolecular donor–acceptor system that assembles due to the hydro-
en bonding between a barbiturate and an appropriate receptor [72].

s 2 × 105 M−1 (based on 1H NMR titrations), thanks to the forma-
ion of six hydrogen bonds between the host and the guest. The
ormation of these supramolecules manifests itself also in DOSY
xperiments that reveal a significant decrease in the diffusion
oefficient as a result of the adduct formation. The luminescence
f the rhenium complex is strongly quenched upon binding to
he barbiturate receptor; the 3MLCT lifetime decreases from 60 ns
o less than 3 ns. This is due to electron transfer from the metal
omplex to the methylviologen which is exergonic by 0.43 eV; the
ormation of the methylviologen radical cation is corroborated by
ransient absorption spectroscopy. As in the abovementioned cova-
ent rhenium(I) dyads, the back electron transfer from the reduced
cceptor (the methylviologen) to the oxidized donor (the rhenium
omplex) is significantly slower (∼4 orders of magnitude) than the
orward electron transfer. In analogy to the prior studies, this has
een attributed to an inverted driving-force effect. The striking
bservation of this study is the rapidity of the forward electron
ransfer: the methylviologen radical forms on a sub-picosecond
imescale which is surprisingly fast considering the relatively long
onor–acceptor separation distance. As a possible explanation,
e Cola and coworkers invoke electron transfer from the initially
opulated 1MLCT, before relaxation to the corresponding triplet
tate occurs. The driving-force for electron transfer from the singlet
xcited state is expected to be higher than from the triplet state,
hich may explain the faster-than-usual charge transfer rate. The
ossibility of a through-solvent electron tunneling process in a
pecial conformer of the donor–acceptor adducts has also been
iscussed. It is possible that the electron transfer occurs prefer-
ntially when the rhenium(I) complex and the methylviologen
nd themselves on the same side of the plane formed by the
arbiturate entity and its receptor. There is enough conformational
reedom for the donor and the acceptor to come almost into
ontact with one another. In this scenario, the electron transfer
ould not occur across the hydrogen bonds of the barbiturate

ore but across van der Waals gaps. This ambiguity regarding the
xact electron transfer mechanism underscores the usefulness of
igid donor–bridge–acceptor systems for in-depth mechanistic
tudies.

Another recent example of a supramolecular long-range elec-
ron transfer involving rhenium(I) complexes is provided by the

-cyclodextrin–fullerene adduct systems shown in Fig. 19 [73]. The

ormation of these supramolecules is based on hydrophobic inter-
ctions between the cavity interior of the cyclic oligo-saccharides
nd the C60 molecules. The diameter of the fullerene (∼1.0 nm)
xceeds the size of the inner diameter of the �-cyclodextrin
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Fig. 19. A rhenium–fullerene–rhenium system held together tightly by th

∼0.57 nm) and therefore complete C60 inclusion is not possible.
nstead, a 2:1 cyclodextrin/C60 adduct forms when appropriate

olar quantities of the individual components are refluxed in a
MF/toluene solvent mixture for two days. Evidently, these adducts
nly form under conditions that are much more forcing than those
eeded for the formation of the cyclodextrin-methylviologen and
yclodextrin-biphenyl assemblies from Figs. 12 and 13. However,
nce the supramolecules in Fig. 19 are formed, they are remark-
bly stable. Upon photoexcitation of the rhenium(I) complex, its
missive 3MLCT-excited state is quenched with a time constant of
4 ns which has been attributed tentatively to a strongly exergonic
�GET = −1.0 eV) *rhenium(I) → fullerene electron transfer process.
ased on thermodynamic grounds, energy transfer cannot be fully
xcluded as a possible excited-state quenching process in this sys-
em, and the authors point out the necessity of transient absorption
xperiments in order to understand completely the photoreactivity
f these supramolecules [73].

.2.4. Distance-dependence studies of charge tunneling
The Wenger group has used rhenium(I) tricarbonyl 1,10-

henanthroline (phen) complexes for phototriggered long-range
lectron tunneling through oligo-p-xylene bridges, Fig. 20 [74].
he peculiarity of these rigid conjugated bridges is that they
ave essentially length-independent HOMO–LUMO energy gaps
hich is in clear contrast to oligo-p-phenylene bridges that lack
ethyl-substituents. This is illustrated by the two series of opti-

al absorption spectra in Fig. 20, each showing the spectra of four

omologous donor–bridge–acceptor molecules: mono- to tetra-p-
henylene bridged dyads on the left, and mono- to tetra-p-xylene
ridged dyads on the right. The difference between the two data
ets is striking. The spectra of the four xylene bridged dyads on
he right are practically superimposable onto one another but with
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ig. 20. Comparison of oligo-p-phenylene and oligo-p-xylene bridges in phenothiazine
ylene bridges on the right have essentially length-independent HOMO–LUMO energy ga
ophobic interactions between �-cyclodextrins and the C60 molecule [73].

ncreasing number of unsubstituted phenyl bridging units (on the
eft) there is a pronounced red-shift of some of the UV bands.
sing time-resolved luminescence and transient absorption spec-

roscopy, it has been possible to extract electron tunneling rates
ET for four p-xylene bridged systems, ranging from a molecule
ith a donor–acceptor separation rDA of 10.6 Å (with a bi-p-xylene

ridge) for which kET = 5 × 107 s−1 to a penta-p-xylene bridged dyad
ith rDA = 27.9 Å and kET = 8 × 104 s−1. From these data it is possible

o extract a distance decay parameter � for the long-range elec-
ron tunneling process from the phenothiazine to the photoexcited
henium complex. The numerical value for � is 0.52 Å−1, which
s strikingly close to �-values reported previously for unsubsti-
uted phenylene spacers [75–78]. Thus, the oligo-p-xylene bridges
an mediate electron tunneling almost equally well as oligo-p-
henylenes, despite the higher degree of �-conjugation in the latter
74].

Conformational effects on long-range electron transfer across
ligo-p-phenylene bridges have also been investigated recently
y Indelli, Scandola, and coworkers [78]. Specifically, they stud-
ed phototriggered Ru(II)-to-Rh(III) electron transfer in dyads with
p to three phenyl bridging units between the ruthenium and
hodium polypyridine complexes (not shown). Interestingly, the
4 Å electron tunneling step across an unsubstituted tri-p-phenyl
pacer was about an order of magnitude faster than in an analo-
ous tri-p-phenyl-bridged dyad in which the central phenyl unit
ears two n-hexyl chains. This has been explained by a decrease in
ridge-mediated electronic donor–acceptor coupling as the hexyl-

ubstituents demand a larger inter-phenyl torsion angle. In other
ords, superexchange coupling becomes less efficient upon bridge

ubstitution. In the Ru(II)–triphenyl–Rh(III) systems an increase in
he torsion angle from 45◦ to 75◦ between the central phenyl and
he two adjacent phenyl units would be sufficient to account for

–rhenium(I) donor–acceptor dyads. The optical absorption spectra show that the
ps—contrary to the phenylene systems on the left [74].
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he experimentally observed decrease of the electron transfer rate
pon hexyl-substitution of that central spacer [20].

.3. Osmium(II) polypyridines

.3.1. French-Italian bis-tolylterpyridine systems
The Os(bpy)3

2+ complex is much less frequently chosen as a
hotosensitizer than the isoelectronic Ru(bpy)3

2+ molecule. An
mportant reason for this is the relative shortness of the life-
ime of the emissive 3MLCT-excited state in the osmium complex:
ith ∼50 ns it is more than an order of magnitude shorter

han for Ru(bpy)3
2+. Thus, electron transfer from or to 3MLCT-

xcited Os(bpy)3
2+ has to proceed with rate constants on the

rder of 107 s−1 or greater in order for the photoredox reac-
ions to be competitive with internal excited-state deactivation.
his practically precludes electron transfer over very long (> 15 Å)
istances. One of the relatively rare examples of a long-range elec-
ron transfer system with an osmium(II)-based photosensitizer is
hown in Fig. 21 [79,80] comprised of a bis(4’-p-tolyl-2,2′:6′,2′′-
erpyridine) osmium(II) complex, Os(ttpy)2

2+, with a covalently
ttached methylviologen molecule. This particular osmium(II)
omplex (without appended viologen) has a 3MLCT lifetime of
40 ns in deoxygenated acetonitrile solution. With a methylviolo-
en acceptor attached to it, this lifetime shortens to 0.72 ns, which
s attributed to oxidative quenching of the 3MLCT-excited state:
he osmium(II) acts as an electron donor, the methylviologen as an
cceptor. The center-to-center donor–acceptor distance is ∼12 Å.
ven in the absence of transient absorption data the interpreta-
ion of the excited-state quenching in terms of electron transfer
s safe because triplet–triplet energy transfer is expected to be
ighly endergonic (�GEnT = +1.3 eV), whereas electron transfer is
xergonic (�GET = −0.55 eV). These in-depth physical studies were
onducted by Amouyal, but the dyad from Fig. 21 was synthe-
ized in the laboratories of Sauvage and Collin [80], who, in their
nitial paper, also provided the proof-of-concept for electron trans-
er in this osmium(II)–methylviologen dyad. A later collaboration
etween the Strasbourg group and Flamigni led to the conclusion
hat relaxation of the charge-separated state in the dyad from Fig. 21

ust be faster than its formation [35]. In other words, a signifi-
ant population of the charge-separated state cannot build up, and
herefore attempts to detect the methylviologen radical by tran-
ient absorption spectroscopy are bound to fail.

Sauvage, Collin and coworkers also synthesized triads that are
ased on the dyad shown in Fig. 21; they contain phenothiazine
PTZ) and di-p-anisylamine (DPAA) donors that were attached cova-

ently to the methyl group of the unsubstituted tolylterpyridine
igand in Fig. 21 [81]. The photophysics of these two triads were
nvestigated by Barigelletti, De Cola, Flamigni, and Balzani. Unfor-
unately, for neither of the two systems a fully charge-separated

Fig. 21. Osmium(II) bis(4′-tolylterpyridine)–methylviologen dyad [79,80].
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tate comprised of an oxidized PTZ or DPAA donor and a reduced
ethylviologen acceptor could be observed by means of transient

bsorption spectroscopy. In the case of the PTZ donor this has been
ttributed to the inefficiency of PTZ-to-osmium electron transfer
ue to weak electronic coupling (caused by a –CH2– spacer). In the
PAA triad, the fully charge-separated state is presumed to be too

hort-lived. This research has already been reviewed [11].

.3.2. Conformational switching between long-range charge and
nergy transfer

In recent work, Lainé, Campagna, and coworkers investigated
series of osmium-based dyads as shown in Fig. 22 [82]. They

re comprised of an osmium(II) bis(tolylterpyridine) photosensi-
izer, Os(ttpy)2

2+, that bears a covalently attached triarylpyridino
cceptor. Interesting photophysical properties, markedly different
rom those of the Os(ttpy)2

2+ parent complex, arise when the
riarylpyridino acceptor is substituted with an electron withdraw-
ng nitro-group. In this case, photoinduced electron transfer from
he metal center to the triarylpyridino moiety becomes thermo-
ynamically possible; electrochemical studies indicate that the
edox-active triarylpyridino orbital is very delocalized and prob-
bly extends over several rings. This pyridinium reduction is also
xpected to induce a planarization of the acceptor because of a
uinoid-like electronic structure in the radical. Indeed, seemingly
ubtle conformational changes were found to play a major role
n the dyads from Fig. 22: ultrafast transient absorption experi-

ents reveal that upon osmium excitation, there are spectroscopic
hanges (occurring on a <10 ps timescale) that are consistent with
decrease of the torsion angle between the two aryl rings and

he two terpyridine ligands to which they are directly attached
o. In other words, each of the two tolylpyridine ligands pla-
arizes upon photoexcitation. When considering the osmium(II)
is-terpyridine fragment as the donor, the central aryl as a bridge,
nd the pyridinium as an acceptor, this can be interpreted as
nhanced donor–bridge electronic coupling in the excited state
elative to the ground state. It turns out that for the long-range
lectron transfer properties of these osmium dyads yet another
onformational effect is decisive, namely the torsion angle between
he bridging aryl and the pyridinium governing bridge–acceptor
lectronic coupling. In a crystal structure of the dyad with a
-xylene bridge, this angle was found to be 74◦ which com-
ares to 72◦ for the system with an unsubstituted phenyl-bridge.
hus, the methyl substituents do not appear to have a signifi-
ant influence on the ground-state equilibrium bridge–acceptor
orsion angle. However, they lock the tilted conformation and
educe the amplitude of thermal structure variation, thereby pre-
enting any transient partial planarization of the bridge–acceptor

ntity. This is important as the comparison of the phenyl and
-xylyl bridged dyads from Fig. 22 with transient absorption

xperiments demonstrate: in the xylyl system the data is con-
istent with an osmium-to-pyridinium electron transfer, but for

ig. 22. Osmium(II)–pyridinium dyads that exhibit conformationally gated pho-
oinduced processes [82,83].
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ig. 23. A porphyrin–osmium system that is useful for the investigation of an interli-
and electron transfer (ILET) process. EnT denotes an energy transfer process [84].

he phenyl dyad it points to osmium-to-nitroarene (triplet–triplet)
nergy transfer. This is striking in view of the thermodynamics
hich are virtually identical for the two systems: electron trans-

er is weakly exergonic, energy transfer very weakly endergonic for
oth. The conformational effects mentioned above are invoked to
xplain the distinct photophysical properties: in the conformation-
lly locked xylyl system, bridge–acceptor coupling stays weak at all
imes, but the phenyl system can adopt non-equilibrium confor-

ations (bridge–acceptor torsion angles) that allow for transiently
mproved electronic coupling. This latter scenario is beneficial
or triplet–triplet energy transfer occurring by an electron double
xchange mechanism, since this process has a stronger dependence
n electronic coupling than the transfer of a single electron. Thus,
he energy transfer in the phenyl dyad is conformationally gated,
nd it kinetically outcompetes electron transfer. The sterically more
emanding xylyl bridge impedes this conformational gating, the
nergy transfer is slowed down, and only the electron transfer
tays competitive with other excited-state deactivation processes.
he interpretation of these experimental results has been sup-
orted by a theoretical analysis that is based on density functional
heory [83].

.3.3. Interligand electron transfer
An interesting osmium(II)-based dyad, albeit not strictly a long-

ange electron transfer system has been reported recently by
arriman, Benniston, and coworkers [84]. This dyad, shown in
ig. 23, is comprised of an Os(tpy)2

2+ complex that is attached,
ia a p-phenylene bridge, to a free-base porphyrin. Irradiation of
his molecule with visible light primarily excites the porphyrin,
hich then transfers the excitation energy to the Os(tpy)2

2+ unit,
here singlet–triplet intersystem conversion occurs. The result is a

MLCT-excited osmium complex with the excited electron located
electively on the proximal tpy ligand. This excited state is deac-
ivated by two competing processes: in the dyad with R = H, the
ominant process is triplet–triplet (back) energy transfer to the
orphyrin. In the dyad with R = phenylacetylene, the dominant pro-
ess is an interligand electron transfer (ILET) from the proximal to
he distal terpyridine ligand. This changeover in the main deactiva-
ion pathway upon substitution of the distal tpy ligand is a matter
f increasing the driving-force for the ILET process. In the pheny-
acetylene substituted dyad it is exergonic by 0.04 eV, and occurs

ith a time constant of 10 ps. This was determined from a global
t to transient absorption data that show the kinetics of porphyrin
inglet excited state disappearance, Os(tpy)2

2+ 3MLCT-excited state
ormation and decay, as well as porphyrin triplet excited-state for-

ation. Thus, the observation of the ILET process is indirect. In the

ree Ru(bpy)3

2+ and Os(bpy)3
2+ complexes ILET occurs with time

onstants of 47 and 9 ps, respectively [85,86]. However, experi-
ental measurements on these and other symmetrical complexes

uffer from the fact that a statistical mixture of 3MLCT states is
roduced upon photoexcitation. In the dyad from Fig. 23 this prob-
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em is overcome elegantly by covalent attachment of a porphyrin
hotosensitizer to one of the tpy ligands.

.4. Iridium(III)

Polypyridine complexes of iridium(III) are isoelectronic to those
f ruthenium(II). Yet, the photophysical and electrochemical prop-
rties of the two types of coordination compounds are quite distinct
rom one another. The energy of the lowest lying MLCT-excited state
s substantially higher for the Ir(III) than for the Ru(II) complexes,
eflecting the fact that a trivalent cation is more difficult to oxi-
ize than a divalent cation. As a consequence, the lowest MLCT
nd LC excited states are energetically close to one another in irid-
um(III) polypyridines. Due to the strong ligand field that the 5d

etal experiences in these complexes, the d-d excited states are
t even higher energies, and a lowest energetic excited state of
ixed LC and MLCT character results [87]. The spin multiplicity

f this state is triplet, the energy gap to the ground state is large,
nd longer excited-state lifetimes than for ruthenium(II) polypyri-
ine complexes often result. This is an advantage for photoredox
tudies since excited-state electron transfer reactions become more
ompetitive with relaxation to the ground state. A second favor-
ble feature of the iridium(III) polypyridines is that in their excited
tates they are more than 500 mV more oxidizing than most of
he ruthenium(II) analogues. Thus, even when weak reductants are
nvolved, iridium(III) polypyridine donor–acceptor systems exhibit
fficient electron transfer. Despite these two favorable properties,
ridium(III) polypyridines have received much less attention than
he ruthenium(II) polypyridines. Among the key reasons for this
re: (i) the ruthenium complexes are better light harvesters than
he iridium complexes in that they absorb a much greater fraction of
isible light; (ii) the ruthenium complexes are synthetically much
ore tractable than the iridium complexes; (iii) undesired energy

ransfer processes are more likely to interfere with desired electron
ransfer reactions in the iridium complexes: their emission occurs
t relatively high energy and spectral overlaps with the absorption
f other molecular components are more prone to occur in iridium-
ased donor–bridge–acceptor molecules than in ruthenium-based
ystems.

.4.1. Iridium bis(terpyridine)–porphyrin systems
Building on their own prior work on donor–acceptor systems

ncorporating ruthenium(II) bis(terpyridine) cores, the research
roups around Collin, Sauvage, and Flamigni have reported
ecently on several triads that contain the isostructural iridium(III)
is(terpyridine) unit [88]. In the triads from Fig. 24 this unit is sub-
tituted at the 4′-positions of the two tpy ligands: one tpy ligand
ears a covalently attached free-base or zinc(II) porphyrin donor
H2P or ZnP), the other a covalently attached gold(III) porphyrin
cceptor (AuP). This substitution pattern allows the synthesis of
inear systems in which the donor and acceptor lie in opposite
irections, whereby the charge-separation distance is maximized.
hanks to the phenyl-bridges, the individual chromophores are
nly weakly coupled to one another, and a donor–acceptor distance
f ∼30 Å results. Excitation of the triad with M = H2 at 592 nm leads
o a free-base porphyrin luminescence that is strongly quenched
ith respect to a free-base porphyrin reference molecule that has
o iridium complex nor gold(III) porphyrin attached to it. In addi-
ion, the singlet excited-state lifetime is reduced by more than
wo orders of magnitude. Transient absorption measurements on
dyad reference molecule comprised of only the free-base por-
hyrin and the iridium bis(tpy) complex reveal a rapid (∼30 ps)
ormation of a free-base porphyrin radical cation, indicating that
lectron transfer from this porphyrin to the iridium(III) complex is
ery efficient. The same radical is also observed transiently in the
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ig. 24. Triads based on an iridium(III) bis(terpyridine) core acting as a photosens
onor to a gold(III) porphyrin (AuP) acceptor [88,89].

bovementioned free-base triad (M = H2) from Fig. 24, but in this
ore sophisticated molecule the decay of the respective transient

bsorption signal is not only a factor of two faster than in the dyad
eference molecule, but it also evolves over time into an absorp-
ion spectrum that is typical for the one-electron reduced gold(III)
orphyrin. In other words, two sequential electron transfer as illus-
rated in the left part of Fig. 25 are observed: electron transfer from
he photoexcited free-base porphyrin (1*H2P) to the iridium(III)
ore (“Ir”) followed by electron transfer from the reduced irid-
um core (“Ir−”) to the gold(III) porphyrin (AuP). The lifetime of
he H2P+–Ir–AuP− fully charge-separated state is 3 ns, and its main
eactivation pathway is relaxation to an excited state that is best
escribed as a free-base porphyrin-localized triplet excited state

3*H2P).
When the free-base porphyrin electron donor in Fig. 24 is

eplaced by a zinc(II) porphyrin, the energy of the fully charge-
eparated state is lowered by almost 0.3 eV, and the energy of
he porphyrin-localized triplet state is raised by ∼0.1 eV [89]. As a
onsequence, in the zinc(II) porphyrin system the 3ZnP state is ener-
etically above the fully charge-separated state, see the right part of
ig. 25. This leaves relaxation to the ground state as the only possible
eactivation pathway for the fully charge-separated state. Conse-

uently, the latter is more than two orders of magnitude longer
ived (� = 450 ns). In both triads the fully charge-separated state is
ttained with high quantum efficiency �: ∼0.5 in the H2P-triad and
1.0 in the ZnP-triad.

i
p
t
w

ig. 25. Schematic representation of the photophysical processes occurring in the iridi
ne-electron reduced form [88,89].
for long-range electron transfer from a free-base (H2P) or zinc(II) porphyrin (ZnP)

.4.2. Iridium bis(terpyridine)-non-porphyrin systems
In a synthetically very challenging study, the same researchers

ave investigated the triad shown in Fig. 26 in which a ter-
iary amine electron donor (triphenylamine, TPA) was linked to a
aphthalene diimide (NDI) electron acceptor via the iridium(III)
is(terpyridine) motif (“Ir”) [90]. As in the above study, a compari-
on with suitable dyads that served as reference molecules turned
ut to be indispensable to elucidate fully the more complicated
hotophysics of the triad [91]. This work revealed the occurrence
f an efficient (� = 1.0) electron transfer process between the TPA
nit and the Ir(tpy)2

3+ core upon photoexcitation of the latter at
37 nm: within less than 20 ps the TPA is oxidized. This process is
o exergonic (−�GET > 1 eV) that it even occurs in a frozen buty-
onitrile glass matrix at 77 K. Only once the iridium complex has
een reduced by the TPA, it becomes a sufficiently potent donor
or electron transfer to occur to the NDI acceptor. Thus, once the
rimary charge-separated state TPA+–Ir− has been formed, two dif-

erent things can happen: (i) the system can return to its ground
tate by back electron transfer (and it does so with a time con-
tant of ∼70 ps); (ii) a fully charge-separated state best described
s TPA+–Ir–NDI− can form (and this happens with a time constant of
420 ps). It follows from these two time constants that the branch-
ng ratio is 6:1 in favor of the (undesired) charge-recombination
rocess. Thus, only 1 in 7 photons absorbed leads to the forma-
ion of the fully charge-separated state in the triad from Fig. 26,
hereas in the porphyrin systems from Fig. 24 it was 1 in 2 photons

um(III) triads from Fig. 24. Here, “Ir” denotes the Ir(tpy)2
3+ complex; “Ir−” is its
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distances are constant on the timescale of the electron transfer
events. Thus, under the assumption that a statistical distribu-
tion of donors (present at �M concentration) and acceptors (at
mM concentrations) is obtained, it is possible to extract distance
decay parameters � for the phototriggered electron tunneling
Fig. 26. An iridium(III)-based triad for pho

for the H2P donor) and 1 in 1 photon (for the ZnP donor), respec-
ively. It is with respect to the lifetime of the fully charge-separated
tate that the newer triad from Fig. 26 excels over the older systems
rom Fig. 24 and many other photoredox systems known to date.
he TPA+–Ir–NDI− state decays with a time constant of 120 �s in
eoxygenated acetonitrile solution as determined from transient
bsorption measurements that monitor both the disappearance of
he TPA+ radical cation at 475 nm and the NDI− radical anion at
60 nm. The energy stored in this state amounts to 1.26 eV. This
s a relatively large amount of energy that must be liberated upon
eturn to the ground state. It is possible that this back electron trans-
er process is well in the Marcus inverted region which may explain
he long lifetime of the fully charge-separated state. Remarkably, in
erated solution its lifetime is reduced by only 15%.

Due to its very long lifetime, a significant population of the
PA+–Ir–NDI− state may build up following photoexcitation of the
riad in Fig. 26, particularly when high excitation densities are
sed. Indeed the associated transient absorption spectra as well
s their decay profiles were found to be strongly dependent upon
he excitation laser power [92]. At low powers one observes the
wo 120 �s-lived absorption bands due to TPA+ and NDI− radi-
als as described above. At high powers, an additional third band
round 700–800 nm is observed. This has been assigned to an
r(tpy)2

3+ localized electronic transition: the TPA+–Ir–NDI− charge-
eparated state (with the iridium complex formally in its ground
tate) is promoted to a TPA+–*Ir–NDI− charge-separated state with
he iridium core excited to a triplet excited state. In other words,
ne observes a sequence of charge-separation and excited-state
bsorption processes. The overall process must therefore involve
he absorption of at least two photons, hence its strong laser power
ependence. For sufficiently high powers the effect on the lifetime
f the TPA+–Ir–NDI− fully charge-separated state becomes very
pectacular: a shortening from 120 �s to 20 ns has been observed.

.4.3. Cyclometalated iridium(III)
This class of compounds, although known since more than three

ecades [93], has received most attention only in recent years.
he sudden increase of research activity in this area has to do
ith the relatively recent discovery that the electronic structure

f cyclometalated iridium(III) complexes can be controlled delib-
rately through structure and ligand variations [94]. For instance,
he emission color can be tuned throughout the entire visible range
95], making these compounds attractive for the implementation
f organic light emitting diodes that include heavy metal triplet
mitters. On the other hand, cyclometalated iridium(III) complexes

ave also become of interest for photocatalytic water splitting [96],
ioanalytical applications [95], and oxygen sensing [97,98].

A recent study reports on an Ir(p-tolylpyridine)2(2,2′-
iimidazole)]+ complex, Fig. 27, that forms hydrogen-bonded
:1 adducts with carboxylate anions in apolar dichloromethane F
uced charge-separation over 37 Å [90,92].

olution [99]. When the carboxylate is 3,5-dinitrobenzoate, the
esulting supramolecular entity acts as a donor–acceptor dyad:
pon photoexcitation the metal complex becomes a potent reduc-
ant, and this triggers an electron transfer through the hydrogen
onds to the dinitrobenzoate acceptor occurring over a distance
f almost 10 Å. Spectroscopic evidence indicates that the electron
ransfer is accompanied by a significant redistribution of proton
ensity within the salt bridge.

. d8 metal systems

.1. Iridium(I) dimers

Pyrazolyl-bridged dinuclear iridium(I) complexes have long
een known as particularly powerful photoreductants. For instance,
he excited-state reduction potential of [Ir(�-pz)(COD)]2 (�-pz = �-
yrazolyl; COD = 1,5-cyclooctadiene) is −1.8 V vs. SCE in fluid
cetonitrile solution [100]. Very large driving-forces (>1.5 eV) for
hotoinduced electron transfer reactions between this donor and
,4-benzoquinone acceptors are the result. This makes inves-
igations of phototriggered charge transfer in rigid media at
ryogenic temperatures possible. Gray, Winkler, and coworkers
ave investigated long-range electron tunneling through glassy
olvents at 77 K with this electron donor [21,101–103]. In 2-
ethyltetrahydrofuran and toluene glasses at liquid nitrogen

emperature, the [Ir(�-pz)(COD)]2 complex emits red light with
lifetime of 3.2 �s. In the presence of randomly dispersed 2,6-

ichloro-1,4-benzoquinone this emission is quenched significantly.
he iridium excited-state depopulation becomes strongly non-
xponential because of the wide distribution of donor–acceptor
istances present in the sample (Fig. 28). Importantly, due to
he rigidity of the glassy solvent matrix, these donor–acceptor
ig. 27. Electron transfer across hydrogen-bonds in a donor–acceptor adduct [99].
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On the other hand, by substituting the phenothiazine with the
electron-withdrawing trifluoromethyl group, this donor becomes
less potent. Experimentally, charge transfer rates were found to
increase along the series of three dyads with (i) R = t.-Bu, R′ = CF3; (ii)
ig. 28. Charge–neutral dinuclear iridium(I) donors and 2,6-dichloro-1,4-benzoqui
oexcitation of the donors leads to electron tunneling to acceptors at various dis
102,103].

rom the iridium complex to the benzoquinone. The ˇ-values are
.62 Å−1 for 2-methyltetrahydrofuran and 1.23 Å−1 for toluene,
.e., toluene is mediating the long-range electron tunneling sig-
ificantly better than 2-methyltetrahydrofuran. To illustrate this
oint it may be noted that a 20 Å tunneling step proceeds ∼3
rders of magnitude faster through toluene than through 2-
ethyltetrahydrofuran [102,103]. This observation suggests that

o-called tunneling energy effects play a decisive role in determin-
ng long-range electronic coupling; aromatic molecules (toluene)
ave lower lying energy levels than saturated organic bridges
2-methyltetrahydrofuran), and this leads to enhanced electronic
oupling between donor and acceptor [104]. Importantly, this work
lso allows estimation of the (in)efficiency of electron tunneling
cross van der Waals gaps, namely by comparison with the pre-
iously determined distance decay parameters for covalent alkane
ridges and rigid rod-like oligo-p-phenylene spacers. Electron tun-
eling through a 2 Å van der Waals gap is ∼50 times slower than
unneling the same distance through covalently bonded bridge.
his observation has important implications for biological long-
ange electron transfer: the medium between redox centers in
roteins is a heterogeneous array of covalent, hydrogen-bond, and
an der Waals contacts between atoms of the polypeptide matrix.
he protein secondary and tertiary structure must ensure that there
xist tunneling pathways with many covalent and hydrogen bonds
ut with few van der Waals gaps such that electron tunneling can
ccur efficiently over long distances.

.2. Platinum(II) acetylides

.2.1. The Rochester work
Platinum polyimine acetylide complexes have been identified

ather recently as suitable systems for long-range electron trans-
er investigations. Eisenberg and coworkers established that the
ong-lived emissive excited states of Pt diimine bis(acetylide) com-
lexes are actually 3MLCT states that can undergo photoredox
hemistry [105]. Indeed the nature of this excited state appears
o be similar to the charge transfer states of the d6 diimine com-

lexes discussed above. This has prompted investigation of covalent
onor–acceptor dyads and triads that are based on this or closely
elated chromophores [106–108]. Cases in point are the systems
hown in Fig. 29 which have phenothiazine donors appended to the
latinum(II) complexes [106]. Reference complexes without these

F
[

acceptors are randomly dispersed in frozen solvent glasses at 77 K. Selective pho-
, manifesting itself in strongly nonexponential luminescence lifetime quenching

ertiary amines have 3MLCT lifetimes of the order of 500 ns depend-
ng on the exact bpy-substitution pattern and the solvent. When
he dyad from Fig. 29 with R = t.-Bu and R′ = H is investigated under
elatively polar solvent conditions (acetonitrile, dichloromethane)
he 3MLCT-excited state decays within less than 1 ns. Electrochem-
cal and UV–vis studies have shown that electron transfer from the
henothiazine-nitrogen to the photoexcited platinum complex are
xergonic. Indeed, picosecond time-resolved transient absorption
xperiments reveal the formation of a phenothiazine radical cation.
n the dyad with R = t.-Bu and R′ = CF3 this species forms with a time
onstant of 0.56 ns which explains the 3MLCT luminescence life-
ime quenching mentioned above. Through chemical variation of
he R-substituents at the bpy ligand and the R′-substituent at the
henothiazine it is possible to tune the driving-force for this pho-
oinduced charge transfer. Replacement of R = t.-Bu with R = CO2Et
owers the energy of the 3MLCT state by ∼3000 cm−1, and the
xcited platinum complex becomes significantly more oxidizing.
ig. 29. Platinum(II) complexes with covalently attached phenothiazine donors
106].
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ig. 30. Triad comprised of two phenothiazine donors, a platinum bis(acetylide)
hotosensitizer complex, and a nitrobenzene acceptor [107,108].

= t.-Bu, R′ = H; (iii) R = CO2Et, R′ = H. Thus, the charge-separation
ates increase with increasing driving-force −�GCS, consistent with
lectron transfer in the Marcus normal region. This is no sur-
rise because in absolute terms −�GCS is small (0.1–0.2 eV) for all
ystems considered. This also explains the strong solvent depen-
ence of the photoredox chemistry of these dyads, in particular
hy electron transfer does not occur in the apolar toluene solvent:
ecreasing solvent polarity destabilizes the HOMO of the Pt com-
lex (the MLCT absorption maximum red-shifts by ∼2500 cm−1

hen going from acetonitrile to toluene) which lowers the driving-
orce for electron transfer from the phenothiazine to this Pt orbital
which is singly occupied in the MLCT-excited state). An inter-
sting observation is that in polar solvents the quantum yield
or formation of the charge-separated state is independent on
he 3MLCT-excited state lifetime. Charge-recombination is much
lower than charge-separation in all three dyads; time constants
ange from 1.4 to 6 ns. It is likely that an inverted driving-force effect
s at work since the recombination processes are highly exergonic
−2.0 eV).

Fig. 30 shows the first triad in which the chromophore is
Pt diimine complex [107]. In addition to the phenothiazine
onors already present in the dyads above, this molecule has
1,10-phenanthroline ligand which bears a covalently attached

itrophenyl acceptor. The luminescence of the d8 metal chro-
ophore in this system is quenched completely, and transient

bsorption spectroscopy revealed the formation of both a phenoth-

i
T
D
t
m

ig. 31. The Pt(II) terpyridyl unit allows for the synthesis of nearly linear donor–chromop

Fig. 32. Triad for long-range electron transfer from a phenothiazine to a n
Reviews 253 (2009) 1439–1457

azine radical cation (with a characteristic absorption at 525 nm)
nd a nitrobenzene radical anion (with an absorption at 455 nm). At
he same time the nitrophenyl ground-state absorption at 360 nm
as bleached. These results are consistent with the formation of
fully charge-separated state in which an electron has formally

raveled from the phenothiazine to the nitrobenzene. This state
ransiently stores 1.67 eV, and its lifetime is 70 ns.

Subsequent research focused on the platinum(II) terpyridyl
rylacetylide chromophore which allows construction of linear
onor–chromophore–acceptor triads such as the molecule shown

n Fig. 31 [108]. An important advantage of this chromophore
ith respect to platinum diimine bis(arylacetylide) systems is the

act that the resulting molecules are positively charged, which
mparts solubility on these systems. In the triad of Fig. 31 the
dge-to-edge separation between the trimethoxybenzene donor
nd the pyridinium acceptor is ∼28 Å as determined from an X-
ay crystal structure. As anticipated, the emission of the platinum
hromophore in this triad is quenched completely and from a
omparison with a reference dyad (comprised of the trimethoxy-
enzene donor and the platinum chromophore but lacking the
yridinium), this excited-state quenching could be attributed to
rimethoxybenzene-to-platinum electron transfer. However, tran-
ient absorption experiments on the triad from Fig. 31 as well as
tudies on an appropriate chromophore–pyridinium dyad show
hat the pyridinium acceptor is not involved in charge transfer in
hese systems. In order to obtain a fully charge-separated state,
he terminal acceptor had to be changed, and this was accom-
lished in the triads shown in Fig. 32 [108]. The ∼700 ns lifetime
f the platinum tolylterpyridine phenylacetylide chromophore in
his triad is quenched to <30 ns. This molecule has a phenoth-
azine donor and a nitrostilbene unit as a terminal acceptor.
ransient absorption spectroscopy shows that by contrast to the
yridinium in the triad from Fig. 31, the nitrostilbene acceptor
uenches the platinum excited state oxidatively. The spectroscopic
vidence for this is a transient absorption signal around ≥450 nm,
ssigned to the nitrostilbene radical anion, and the phenoth-

azine radical cation (PTZ ) signature is observed simultaneously.
hus, a fully charge-separated state (PTZ+–Pt–nitrostilbene− or
+–C–A−) is formed in this system. An interesting aspect is how

he population of this state builds up. Initial photoexcitation pro-
otes the platinum complex to its 3MLCT state (D–C*–A, Fig. 33).

hore–acceptor systems. The pyridinium acceptor is inactive in this molecule [108].

itrostilbene; the overall process is triggered by Pt excitation [108].
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ig. 33. Schematic summary of the photoredox processes occurring in the triad from
ig. 32 [108].

etailed mechanistic studies reveal that reductive quenching of
his state is at least three times more efficient than oxidative
uenching. In other words, there is a branching ratio that is in
avor of a donor+–chromophore−–acceptor (D+–C−–A) rather than
donor–chromophore+–acceptor− (D–C+–A−) intermediate state.

his is attributed to the fact that the formation of the former is
nergetically more favorable by ∼0.3 eV. The inherent lifetimes of
hese two charge-separated states in appropriate D–C and C–A
yads differ by almost an order of magnitude: the D+–C− state
ecays to the ground state with � = 30 ns, whereas the C+–A− state
as a lifetime of 200 ns. Logically, in the triad secondary electron
ransfer that establishes the fully charge-separated state (D+–C–A−)
s much more competitive with relaxation to the ground state
n the longer-lived D–C+–A− state. As a consequence, although
eductive quenching predominates for the triad upon excitation,
orward electron transfer to generate the fully charge-separated
tate does not happen primarily by this route. Instead, slower
xidative quenching leads to an intermediate which then rapidly
dvances to the fully charge-separated state rather than undergoing
ack reaction to the ground state. This unusual quenching pattern
as important implications for the efficiency of formation of the

ully charge-separated state: a rough estimate is that only 25–30%
f the excited triad with R = H (Fig. 32) leads to the fully charge-
eparated species. The lifetime of this state is three times longer
han that of the triad from Fig. 30. This may be due to the greater
onor–acceptor separation in the terpyridyl-triad as well as better
olvation resulting from the cationic charge on this complex.

.2.2. A platinum(II) acetylide–porphyrin dyad
Odobel, Hammarström, and coworkers have also used the plat-

num(II) terpyridyl acetylide chromophore for electron transfer
nvestigations [109]. In the dyads shown in Fig. 34, excitation of
he porphyrin unit induces a very rapid (2–20 ps) electron transfer
o the covalently attached platinum complex. Through variation
f the terpyridine R-substituent as well as through changing the
etal that is complexed inside the porphyrin, it was possible

o vary the driving-force for the photoinduced electron transfer.
he lowest driving-force (�GET = −0.26 eV) resulted for the dyad
ith R = OC7H15 and M = Zn2+. Replacement of the n-heptoxy by
diethylphosphonate group (R = PO3Et2) renders the platinum

omplex significantly more oxidizing, and when Zn2+ is replaced
y Mg2+, the porphyrin becomes a slightly better donor. Thus,

2+
he dyad with R = PO3Et2 and M = Mg has the highest driving-
orce for photoinduced electron transfer (�GET = −0.66 eV). The
ate constants kET for phototriggered porphyrin → platinum elec-
ron transfer vary from 5 × 1010 s−1 (for �GET = −0.26 eV) to 5 × 1011

−1 (for �GET = −0.66 eV), i.e., they fall into the Marcus normal

n
s
t
R
s

ig. 34. Porphyrin–platinum dyads for driving-force investigations of long-range
lectron transfer [109].

egion. The six data points for the six investigated dyads can
e fit well to a parabolic Marcus curve with � = 0.65 eV, which

s a reasonable value for a total reorganization energy for such
ystems. Unfortunately charge-recombination turned out to be
ven faster than charge-separation in all six systems; transient
bsorption experiments show that a significant population of the
harge-separated state never builds up. An additional point is
oteworthy: both optical absorption and electrochemical studies
oint to a significant electronic interaction between the porphyrin
nd the platinum complex. The porphyrin absorptions are slightly
ed-shifted (∼5 nm) in the dyads, and the porphyrin reduction
otential is susceptible to the chemical nature of the R-substituent
n the platinum terpyridine complex. This indicates that the
yads in Fig. 34 are not weakly coupled donor–bridge–acceptor
olecules, unlike most other systems considered in this review.

t is possible that the donor and acceptor states are signifi-
antly delocalized over the bridge as has been previously observed
or a series of phenylethynyl-bridged zinc(II) porphyrin–diimide
yads [110]. Distance dependence studies of electron transfer in
t–phenylethynyl–porphyrin systems will be required to address
his issue.

. Summary

Complexes of d6 and d8 metal ions are of great interest for
hototriggered long-range electron transfer studies since many of
hem have long-lived excited states from which charge transfer to
istant redox partners is competitive with internal excited-state
eactivation processes. Ruthenium(II) polypyridines continue to
raw most attention. Isoelectronic complexes of iridium(III) have
een identified as interesting alternatives, but their syntheses are
uch less straightforward. Osmium(II) polypyridines keep play-

ng a subordinate role. As redox partners for long-range electron
ransfer initiating from the 3MLCT-excited state of ruthenium(II)
omplexes they are well suited, but their own 3MLCT lifetimes
re too short for efficient long-range photoredox chemistry. Rhe-
ium(I) tricarbonyl diimines continue to get limited attention as
ell, but their CO vibrations are now being recognized as useful

pectroscopic observables for long-range electron transfer investi-
ations by transient infrared absorption techniques. A significant

ovelty is the use of platinum(II) acetylide complexes as photo-
ensitizers for charge transfer over long distances. Unfortunately
hey are less stable towards oxidative excited-state quenching than
u(bpy)3

2+-type complexes, and they appear to be significantly less
oluble in common organic solvents. Despite these drawbacks, plat-
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num(II) acetylides are likely to get even increasing attention in the
ear future.

The construction of artificial systems with long-lived charge-
eparated states has remained a central issue in the field of
ong-range electron transfer. A commonly adopted strategy is to
xplore new donor/acceptor combinations that place the undesired
hermal charge-recombination reactions into the Marcus inverted
egion whereby better discrimination between charge-separation
nd -recombination rates is sometimes obtained. Less, but clearly
ncreasing effort has been devoted to the exploration of the role
layed by the bridge-mediated electronic donor–acceptor coupling.
vidence is building up that in some systems the electronic cou-
ling may be significantly different for photoinduced forward and
hermal backward electron transfer, and this may be a chance to
urther stabilize charge-separated states. There is also an increasing
nterest in long-range electron transfer reactions that are mediated
y noncovalent contacts such as hydrogen bonds and van der Waals
aps.

Naturally, the investigation of these phenomena is not lim-
ted to d6 and d8 metal-based systems. The field of long-range
lectron transfer in artificial systems has seen much progress
n porphyrin-based donor–bridge–acceptor molecules in recent
ears. Key activities include the construction of artificial antenna-
eaction center molecules [51,53], the investigation of many
ovel porphyrin–fullerene systems some of which exhibit charge-
eparation over very long distances (> 40 Å) with extremely slow
ecombination rates [111–116], the in-depth study of bridging
edium effects on long-range electron transfer with the help of

orphyrin donors and acceptors [117–121], or even the use of por-
hyrin wires that themselves mediate charge transfer over long
istances [122,123].

The actual exploitation of the light energy stored in the
ong-lived charge-separated states generated in artificial systems
emains a significant challenge [124].
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