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ères, F-75270, Paris Cedex 06, France
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This review deals with some identified consequences of excited-state conformational relaxations on
photoinduced processes taking place within semi-rigid and potentially �-conjugated inorganic mul-
ticomponent systems. Planarization is the hallmark of structural upheavals herein considered. This
ultrafast and widespread phenomenon is shown to occur upon various types of photoinduced charge
redistributions at the intramolecular level, which span from mere metal-to-ligand charge transfer
(MLCT) to charge separated (CS) state formation. Having first being reminded of the various aspects
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which constitute the general context of this review, that is supramolecular inorganic photochemistry,
and put in perspective the plural status of intramolecular conformation, we shall assess the possible sub-
stantial changes in the photophysical features of luminophores following from planarization. Then, the
impact of the excited-state planarization on the interplay between functional subunits via the modifi-
cation of intercomponent electronic coupling, is discussed. Special emphasis is put on (closely coupled)
dyads comprised of a photoactive coordination compound (typically of the ruthenium(II)-trisbipyridyl
or osmium(II)-bisterpyridyl type) as both the photosensitizer and the primary light-triggered electron
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. Introduction to light-triggered structural changes within
oordination compounds

.1. Background. Light absorption by coordination compounds of
he d-block

Absorbing a photon is not a negligible event at the molecu-
ar level, in particular in the case of chromophoric coordination
ompounds based on transition metals of the d-block [1]. The
ybrid nature of metallo-organic complexes is likely to reduce their
hemical stability as compared, for instance, to chemical archi-
ectures relying on � and � covalent bonds. The weakness of
ight-absorbing inorganic chromophores resides first in the nature
f polar and dative metal–ligand coordination bonding. Secondly,
hoton absorption is correlated to excited-state intramolecular
harge redistribution within the coordination sphere, which affects
ore or less directly the coordination bonds. This electronic reor-

anization can primarily involve either (i) the metal (M) and the
igand(s) (L) for instance on occasion of charge transfer (CT) tran-
itions whether metal-to-ligand (MLCT) or ligand-to-metal (LMCT)
nd/or (ii) M–L bonds themselves on occasion of the population
f metal-centered (MC) ligand-field (LF) states (d–d transitions),
hich have a destabilizing antibonding character and/or (iii) the

igand only in the case of purely ligand-centered (LC) transitions.
ypically, given the same composition for the primary (first) coor-
ination sphere of a metal cation, the splitting of d orbitals (�)
riginating from the ligand field increases with both the atomic
umber and the oxidation state of the metal center. For instance, in
he case of a series of related complexes made up of a d6 transition

etal embedded within the pseudo-octahedral field of oligopy-
idyl ligands, the lowest-lying HOMO–LUMO electronic transition
hanges from a MC nature (d(t2g)→d(eg)) for iron(II) to a MLCT
ature (d(t2g)→�*(L)) for both ruthenium(II) and osmium(II), to
ven purely LC transitions (�(L)→�*(L)) for rhodium(III) and irid-
um(III) ions [2–4]. As a consequence, divalent iron compounds
re poorly stable upon light excitation (ligand-field – LF – pho-
ochemistry) while trivalent Rh and Ir complexes should be the

ost stable complexes of the series [5] as M–L bonds are not firstly
ffected by photoinduced charge redistribution (ligand-centered –
C – photochemistry). The same issues also hold for organometallic
ompounds [6].

.1.1. Photoinduced structural changes within the chromophoric
ore (P0)

Structural relaxation processes (nuclear motion) take place
7] subsequent to light-energy absorption (vibronic transition)
orrelated with intramolecular redistribution of electron density
o prepare the so-called Franck–Condon (F–C) initial state. The
esulting sizable changes of the intramolecular geometry are also

ccompanied by a reorganization of surrounding medium such as
olvent molecule repolarization. In general, electronic energy cas-
ades downward very rapidly (femtosecond–picosecond timescale)
rom the F–C state, between various closely lying and vibrationally

n
g
c

dinium group as the electron acceptor. Implementation of conformational
es for molecular electronics or sensing devices is finally mentioned.

© 2008 Elsevier B.V. All rights reserved.

elaxed electronic levels within the excited-states manifold of the
hotoexcited compound. The lowest-lying electronic excited state
ES) is ultimately populated before the ground state (GS) is finally
ecovered. The return to the GS can occur via radiative and non-
adiative transitions, whether by spin-allowed internal conversion
ic) or by spin-forbidden intersystem crossing (isc) processes. It
s worth bearing in mind, however, that luminescent coordination
ompounds are only a minority. According to the rule put into
ords by Demas and Crosby [8] (analogous to the rule established

y Kasha [9] for organic luminophores): in the absence of pho-
ochemistry from upper excited states, emission will occur from
he lowest electronic excited state (general case) or from those
tates that can achieve a significant Boltzmann population rela-
ive to the lowest excited state. When the energy gap between the
S and lowest ES is too small, radiative deactivation pathway is
o longer competitive with radiationless processes and the com-
ound is non-luminescent. This is actually the reason why inorganic

uminophores are normally not emissive in the IR domain and also
he qualitative substance of the so-called “energy gap law” (the
ower the emission energy the lower the emission quantum yield).
he lowest-lying electronic excited state shows the longest lifetime
nd is the most completely thermalised that is, relaxed, including
ts environment. The lifetime of the lowest thermally equilibrated
xcited (thexi) state [10] is long enough to undergo large struc-
ural changes [7,11], contrary to other higher-lying excited states. All
n all, the range of structural impacts subsequent to photoinduced
lectron density redistribution is very wide for chromophoric coor-
ination compounds. It spans from:

1) Mere disruption of M–L bonds (photolysis) with ligand ejection,
as illustrated by the ligand release from photoexcited pen-
taammine(L)ruthenium(II) [12] and pentacyano(L)ferrate(II)
complexes [13] resulting from LF and MLCT reactivities, respec-
tively. Linkage isomerization of coordination bond(s) [14] is
also possible, as in the case of the Ru–Odmso to Ru–Sdmso
photo-isomerisation within the [(tpy)(bpy)Ru(dmso)]2+ com-
plex [15,16];

2) Dramatic distortions of the coordination sphere, as in the case
of Jahn–Teller distortion of the tetrahedral ground state of
[Cu(phen)2]+ towards a largely “flattened” MLCT excited state
[17–21];

3) “Breathing” of the inner coordination sphere essentially appear-
ing as substantial changes in the M–L bond-lengths (possibly
further complicated by changes of the spin state of M [22], as
exemplified by the involved light-induced excited spin state
trapping (LIESST) [23]);

4) Barely impacted chromophores that is, almost no inner struc-
tural reorganization (as in the case of [Ru(bpy)3)]2+ [24]).
Noteworthy, large structural rearrangements are also efficient
on-radiative pathways of deactivation; therefore, good inor-
anic luminophores are essentially rigid complexes of the latter
lass.
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Fig. 1. (Top) Nomenclature adopted to describe two-component molecules formally
comprised of a coordination complex as the photosensitizer (P; see text) connected
by a single bond to a remote site (RS). Within the semi-rigid assemblies, the torsion
angle (�) is attached to intercomponent linkage. Equally, R1� are those substituents
(R1) of the chromophoric/luminophoric core (P0) showing a conformational (�)
degree of freedom (e.g. R1� = aryl). Here, RS can be an acceptor group (A). TPH3

+,
TPHm(R2)n

+ and PyPh+ refer to native 2,4,6-triphenyl-pyridinium (Figs. 7 and 8),
R2-substituted TP+ (R2 = NO2; Fig. 8) and 4-phenyl-pyridinium (Fig. 7), respectively.
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facilitates interaction with light by allowing the fine-tuning of elec-
Bottom) Illustrative case of a compact semi-rigid assembly (cf. Section 1.4.4). The
Ru(tpy)2]2+ complex is the P0 core, pyrimidinyl decorations (prmd) are R1� sub-
tituents belonging to P1 (one the two prmd is also a rigid linker), and anthracene
An) is a remote site RS acting as a bare energy acceptor (A0).

The present review concentrates on robust metal complexes
howing a low reorganizational level for the structure of their first
inner) coordination sphere (denoted as P0 in Fig. 1) upon photon
bsorption, and moreover displaying at one and the same time good
hromophoric and good luminophoric behaviors.

In the following, P0 is the irreducible M/L assembly (with L
aked that is, without any kind of substituents) corresponding to
he core of the complex (reference parent) and the “second coordi-
ation layer” refers to decorations of P0 to give P1. Here, the term
decoration” loosely refers to chemical groups grafted onto the P0
ore, regardless of their functional role: whether mere substituents
r remote sites (RS) full components (Fig. 1).

.1.2. Photoinduced structural changes around the chromophoric
ore (P1)

As a matter of fact, the actual electronic expanse of a chro-
ophoric (and possibly luminophoric) species can extend beyond

he “first” (inner) coordination sphere of the metal ion that is, the
ore P0 (Fig. 1). Indeed, peripheral decorations (R1/R1�) of the pri-

ary ligands encompassed in P1 (Fig. 1) are also involved. These

xtensions (R) can have a persistent electronic influence on the
hromophoric features that is, on direct optical electronic transi-
ions attached to photon absorption (case of electron-releasing and

t
p
M
t
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lectron-withdrawing groups whether inductive or mesomeric; R1

n Fig. 1). Also, they can have a delayed electronic influence, which
s essentially revealed by the luminophoric features, when these
ecorations get involved in structural rearrangements subsequent
o photoinduced charge redistributions (like those of MLCT charac-
er). Potentially �-extending groups are typically those molecular
ragments involved in structure variations in the excited state
uch as conformational change about twist angle � (R1� in Fig. 1).
ence, chromophores can have different electronic identities in

he ground state and in the excited state, where they are actually
perative as potential luminophores [10]. Getting a clear picture
f the very nature of thexi states of chromophoric/luminophoric
oordination compounds –including the impact of structural rear-
angement of peripheral decorations – can facilitate their use as
unctional elements (typically: photosensitizers, P) within smart
hotoactive molecular assemblies. This knowledge is all the more
esirable as �-extending substituents can also play the role of con-
ectors between the components of these supramolecular arrays
e.g. between a photosensitizer, P1, and a remote site, RS; see Fig. 1).

We show here that conformational changes (�) about the inor-
anic core of the photosensitizer on occasion of excited-state charge
edistribution can play a determining role: from possibly impacting
he luminophoric behavior of the P itself, up to gate photoin-
uced processes occurring within supermolecular assemblies in
he excited-state.

.2. Background. Using complex photosensitizers (P) within
hotochemical molecular devices (PMDs)

Balzani et al. introduced the paradigm of photochemical molec-
lar devices (PMDs) two decades ago, with the aim of using light
o trigger, monitor and fuel specific activities at the molecular
evel. The conceptual corpus perfected on purpose, supramolecular
hotochemistry [25–28], combines the backgrounds of inorganic
hotochemistry [29–33] and supramolecular chemistry [34]. Since
he beginning, coordination compounds have played a central role
s choice photosensitizers even if purely organic dye molecules
ay also be involved – as such – in the field [27,35]. On the one

and, photosensitizers (P) are used for interfacing intramolecular
edium with the outside world, essentially operating in absorption

or the input of light (tunable absorption energies and large absorp-
ion cross-sections are therefore desirable). Also, they often work
n emission when light is viewed as an output, or simply because
nalysis of emitted light can be informative on the effectiveness of
he photoinduced processes occurring at the intramolecular level
3]. On the other hand, P elements are also active functional compo-
ents to initiate intramolecular electron (ET) and/or energy (EnT)
ransfers.

.2.1. Transition metal complexes as photosensitizers (P)
In this context, transition metal complexes are appealing

ecause of the unique richness of their electronic properties (chro-
ophoric function for light absorption) as well as photophysical

nd photochemical behaviors, in particular with respect to photo-
edox activity. Basically, these features are closely related to the
ybrid nature of complexes, including the often-dominating spe-
ific MLCT character and intervening spin–orbit coupling attached
o the presence of metal cations with large atomic numbers (heavy-
tom effect). Mixed organic–inorganic nature of complexes also
ronic properties according to a modular approach relying on the
roper choice of both the metal ions and the ligands partners.
/L ingredients can be changed to customize absorption proper-

ies as well as to adjust the energy of the lowest-lying excited
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Fig. 2. Illustrative case of photosensitizer–acceptor bipartite molecules: PA “large
molecule” behavior (delocalized description) versus P∼A “supermolecule” behav-
ior (localized description) supporting locally excited states (LES) and/or charge
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P.P. Lainé et al. / Coordination Che

evel (potentially reflected by the emission energy), which deter-
ines the efficiency of intramolecular photoinduced processes. But

ichness is often correlated with complexity. Once again, knowing
xcited-state structural changes about the primary coordination
phere (P0 core) likely to impact the photophysical features of the
owest thexi state of an inorganic P element (e.g. P1 in Fig. 1) and
onsequently its photochemical behavior within functional assem-
lies, is a prerequisite to successfully design PMDs and correctly

nterpret photophysical outcomes.

.2.2. Inorganic PMDs for artificial photosynthesis
It is noteworthy that PMDs are in principle particularly well

uited for performing artificial photosynthesis [36]. Functional
odeling of the key photoinduced charge separation actually inte-

rates the function of light harvesting (antenna system) and that of
ransducer for the conversion of light-energy into redox-energy,
owards the preparation of charge separated (CS) or redox sep-
rated [30] states. Interestingly, charge transfer (CT) transitions
ithin coordination compounds are the smallest photoinduced

harge-separation processes one may think of, and that is regard-
ess of the very nature of the resulting states: metal-to-ligand,
igand-to-metal or ligand-to-ligand (LLCT, including intra-ligand
rocesses, ILCT). For instance, coordination compounds can behave
s light-triggered reducing electron donors (via L−) and oxidizing
lectron acceptors (via M+) when photo-promoted in their MLCT
tates [3]. Moreover, electronic energy itself can also be donated
y the photo-excited complexes that is, the neutral electron-hole
air of exciton quasiparticle can be transferred to energy accep-
ors. In other words, inorganic complexes are potentially suitable
o photo-initiate intramolecular ET and EnT in addition to harvest-
ng light for functional assemblies. Therefore, they can play the
ole of photosensitizers (P) within PMDs, especially for artificial
hotosynthesis.

Clearly, the spatial confinement of the excited state (for MLCT
xcited state, a sort of redox pair) within the photosensitizer

(whether P0 or P1; Fig. 1) is connected to relatively short
ifetime, while long “excited-state” (for excited state we here
onsider also charge separated states) lifetimes are needed to
omplete targeted light-to-chemical ultimate energy conversion.
ence, inspired by nature, increasing CS states lifetimes generally
oes through the electrostatic decoupling of excitonic – Coulomb-
orrelated – electron-hole pairs, by further increasing their spatial
eparation. A widespread approach to this goal consists in gather-
ng redox-active components (electron acceptors, A and donors, D)
bout the photosensitizer (the primary electron donor/acceptor) to
ttract the electron (located on L−) and fill the associated hole (the
acancy located on M+) by intramolecular ET. Using linkers (lk) to
ssemble various P, A and D elements is the way around hardly con-
rollable diffusional (intermolecular) processes, and also a means
o speed up the forward separation of the charges. Space and time

onitoring of intramolecular processes is an underlying require-
ent to successfully achieve directional and sequential transfers
hether of electrons or of electronic energy. Therefore, attached

o the spatial layout of energy gradients (embodied by various
lectro-active subunits) within supramolecular architectures is the
otion of localized descriptions. Then, the status of intercompo-
ent electronic coupling supported by linkers becomes central [37].
eeping a definite electronic identity (including redox potentials
nd key excited-states levels) for each functional component within
he overall array is mandatory to make possible their synergistic

ork. Indeed, precepts of supramolecular – inorganic – photochem-

stry, as implemented to design photochemical molecular devices
PMDs) [25–27], rely on conveniently weak electronic coupling of
unctional subunits. Such functional assemblies are usually referred
o as supermolecules.
eparated state (CSS) formation from oxidative quenching (ET) of *P by A. The
inker (∼) can either be a polyatomic molecular fragment or a single bond
�).

.2.3. Large chromophoric molecules versus photosensitized
upermolecules (PMDs). The role of conformation within
emi-rigid assemblies

In the representative “simple” case of a two-component
olecule (Fig. 1), the status of the “remote site” (RS), as such, is

ttached to a localized description of the assembly (Fig. 2). The sta-
us of RS is indeed determined by both its intrinsic features with
espect to those of P (actually *P) and the strength of the electronic
oupling (interaction) mediated by the linker (lk). Hence, structural
hanges concerning the linker, such as conformational fluctua-
ions, are likely to impact both the nature (electronic identity) of
onnected components and the development of intercomponent
hotoinduced processes.

RS can either be an acceptor A or a donor D of electron
nd/or of electronic energy with respect to photoexcited P (*P),
hich also behaves as a dual (D/A) redox and electronic energy
artner. Depending on the degree of intramolecular electronic cou-
ling, one can distinguish between the following three kinds of
ssemblies.

In the case of assemblies of type (A), RS is a genuine component for
the reason that the intercomponent electronic coupling is conve-
niently weak and RS has no sizable direct electronic influence on
P. P and RS essentially interact once P has been photoexcited (*P)
within the P–(lk)–RS array. The spacer (lk, symbolized by “∼” in
the following) is typically made up of a saturated polymethylene
chain or is comprised of a network of weak hydrogen bonding. In
this context, if thermodynamically allowed, intramolecular inter-
component ET will occur according to a stepwise mechanism
worth referred to as a photoinduced ET (PET) versus direct optical
ET (that is, an electronic transition), which remains confined to
the P component. For instance, for PET processes from the metal
center of P to RS (RS = A), the electron is first promoted onto
ligand(s) L (to form the primary MLCT state) before hopping to
RS. This stepwise process can be assisted by surrounding solvent
molecules as well as by orbitals of the linker. With respect to pho-
toinduced electronic energy transfers (PEnT), the non-radiative
coulombic mechanism (also referred to as the “through-space”
or Förster mechanism [38]) is in principle [39] the only possi-
ble (if one excepts “trivial” radiative processes). It is based on the
resonance of – large – transition moments attached to the con-
comitant deactivation of the energy donor (*P→P) and activation

of the acceptor (RS = A→ *A). Alternative non-radiative short-
range (double-electron)-exchange mechanism, also referred to as
the “through-bond” or Dexter mechanism [40], requires orbital
overlapping of P and A reactive partners that is, rather strong
electronic coupling.
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In the case of assemblies of type (B), the electronic interaction
between RS and P is substantial, so the electronic features and
reactivity of both components are modified accordingly (as com-
pared with parent isolated references), including in the ground
state. Thus, RS behaves as both a substituent of P (and *P) and a
partner of reactive *P for intercomponent processes. This inter-
mediate situation is quite common when the linkers are partly
unsaturated and/or short fragments (e.g. amide or aryl spacers).
In this context, as far as thermodynamically allowed, stepwise
photoinduced ET (attached to P∼RS behavior) can co-exist with
direct optical ET to RS (attached to PRS behavior, see below),
as illustrated in Section 4. Similarly for intramolecular EnT pro-
cesses: the two non-radiative mechanisms (Förster and Dexter)
can be operative. Most importantly, PEnT (of Dexter type) and PET
intramolecular processes can be in competition as they are both
based on electron(s) transfer(s) (see Section 4).
In the limit case of type (C), the intramolecular electronic coupling
is so large that the whole assembly behaves as a novel made-in-
one-piece electronic entity (delocalized description; Fig. 2), where
RS is merely a substituent of P (denoted as PRS) or P a substituent
of RS (denoted as RSP). In this case, notions of space and time
monitoring as well as the related notion of transfer are no longer
relevant, and the assembly is no longer a supermolecule (that is,
a PMD) but rather a large molecule (e.g. a new large photosen-
sitizer, PRS). This situation is typically encountered in compact
assemblies when P and RS are directly linked that is, when there
is virtually no linker but a single bond only.

In the borderline case of compact assemblies and as far as
he local molecular structure about the intercomponent linkage
s semi-rigid, the electronic interplay between functional subunits
an be modulated, in principle continuously, by a single torsion
ngle (�), functioning “as the linker” (“∼” = (�)). This particular
ituation may give a unique opportunity to address the question
f the upper limit of intramolecular electronic coupling (possi-
ly related to a critical value of �) above which “supermolecular”
ehavior (denoted as P-(�)-RS) is switched to “large molecule”
ehavior (denoted as P(�)RS) that is, when the relevance of a local-

zed description (Fig. 2) of photoinduced events actually vanishes
or a given intramolecular context. This point is of importance
ince (1) conformational changes can occur in the excited state
pon charge redistribution and (2), achieving long-lived CS state
ormation (normally proper to supermolecules) within closely cou-
led assemblies has recently emerged as a challenge in the field of
rtificial photosynthesis [41–45]. The very nature of photoinduced
henomena taking place within electronically closely coupled and
patially compact molecules is also of basic interest, including for
he related field of molecular electronics and also for the switching
ffect at the molecular scale.

.3. Background. Focusing on planarization versus twisting as
referential photoinduced structural relaxation of photosensitized
emi-rigid assemblies

From a general viewpoint, besides usual structure fluctuations
including torsional motions) attached to surrounding thermal
ath, one can identify two types of structural changes within semi-
igid molecules, which are classified as a function of the nature
f their ultimate trigger. (1) The ultimate trigger is internal, as is
ypically the case for structure relaxation subsequent to intramolec-

lar electron density redistribution, regardless of the nature of the
rimary – external – trigger for the charge redistribution itself
whether light or other); (2) the ultimate trigger is external, as is the
ase for structure change upon applying a mechanical constraint
t the molecular level whether resulting from a chemical pertur-

p

P
m

Reviews 252 (2008) 2552–2571

ation (e.g. complexation reaction) or other [46,47]. Here, we are
ssentially interested in conformational changes of the first type
1), which is related to photoinduced changes in intramolecular
harge distribution.

In the field of organic photophysics and photochemistry, there
re many reports on molecules showing a substantial structure
elaxation subsequent to – photoinduced – charge redistribution
t the intramolecular level. Arguably the most studied is the text-
ook case of the so-called twisted intramolecular CT (TICT effect),
ccurring within compact donor–acceptor molecules upon light
xcitation [48]. In the benchmark example of DMABN, the D (N,N-
imethylamino) and A (benzonitrile) subsystems are linked by a
ingle bond and molecular geometry adapt to the change of the
ntramolecular distribution of electron density by adopting a per-
endicular conformation (twist between the planes of D+ and A−,
≈90◦) in the lowest thexi state (in polar solvents) while the
olecule is roughly coplanar (�≈0◦) in the neutral GS [48].
On the other hand, it is well established that the canted rings

f oligophenylene-like molecules in their (neutral) native form
ecome coplanar when these semi-rigid assemblies are reduced
49,50], oxidized [51,52] or photoexcited [53], as a result of an
merging quinoı̈d pattern. In other words, the planarization of the
rchitecture is, in this case, the preferential mode of structure relax-
tion.

Hence, the question arises whether planarization or twisting is
he kind of conformational relaxation one may expect within herein
xamined inorganic assemblies, in addition to thermally activated
uctuating contributions to conformational motions.

In the case of the MLCT excited-state reactivity of interest here,
he electron donor is primarily the metal cation (M) embedded
ithin the P0 core of the photosensitizer and the primary electron

cceptors are the ligands (L) also forming P0. Hence, the only possi-
le structural adaptation to electron density redistribution within
hese made-in-one-piece robust chromophoric coordination com-
ounds is via slight variations of M–L bond-lengths and bite angles
see Section 1.1.1), conversely to TICT species. Dominating reac-
ivity is that of reduced organic part of the inorganic assembly
omprised of primary ligand(s) and decoration(s) or extension(s).
ndeed, MLCT electronic transitions (and possibly ensued CS pro-
esses) are widely recognized as light-triggered intramolecular
edox reactions where the metal center is oxidized while ligands
and possibly their extensions) are reduced [11,54]. Therefore, pla-
arization [55] (versus twisting) is anticipated to be the preferential
athway for structure relaxation of semi-rigid inorganic assemblies
whether P-(�)-RS supermolecules or P(�)RS large molecules) in
heir lowest thexi state.

Actually, whether twisting (increasing �) or planarization
decreasing �), the very nature of light-triggered torsional motions
s closely dependent on the topological features of active molec-
lar orbitals (MOs). The MOs to be filled or emptied are indeed
haracterized by bonding or antibonding contributions about
ey interannular linkages. For instance, the quinoı̈d pattern of
he LUMO of oligophenylene molecule largely accounts for the
tructural planarization upon reduction. More precisely, structure
elaxation subsequent to charge redistribution is the average result
f weighted contributions originating from various MOs popu-
ated and depopulated on occasion of net charge redistribution
56].

.4. Background. Ru(II) and Os(II) polypyridyl complexes as the

hotosensitizers of compact semi-rigid architectures

To properly assess the aforementioned basic issues, both the
functional element and its surrounding intramolecular medium
ust be determined.
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Fig. 3. Simplified scheme based on the relevant levels and processes accounting
for both electronic absorption (h�1, h�2) of P and photophysical (1 and 2) versus
photochemical (3) behavior arising from the pivotal 3ES (3MLCT lowest thexi state)
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.4.1. Features of the lowest thexi state of the photosensitizers
On the one hand, luminescence is basically not required as such

or the photosensitizer P to successfully achieve its dual function
light absorption and primary electron donor/acceptor) [57] that
s, for PMDs specifically designed for photoinduced charge separa-
ion. Therefore, any MLCT state is in principle suitable to initiate
ntramolecular ET, regardless of its spin multiplicity. It remains
onetheless that, to allow intramolecular photochemistry to fully
evelop from MLCT states, long-lived excited-state(s) are preferred
o the short-lived ones, hence the pivotal role of the lowest thexi
tate (see also Section 1.1.1). The spin-forbidden nature of the elec-
ronic transition from the MLCT excited state to the ground state
s therefore highly desirable to prolong the lifetime of the lowest
hexi state.

On the other hand, luminescence is a required property for other
ypes of PMDs designed for the related field of sensing devices and

olecular electronics/photonics, in particular for advanced proto-
ypes intending to process photons as inputs and/or outputs. For
nstance, to get around detrimental environmental background of
atural luminescence, increased emission lifetime of the P com-
onent of sensor PMDs is usually preferred to enhanced emission

ntensity. Thus, once again, phosphorescence is preferred to fluo-
escence.

In these contexts, insights gained into the processes likely
o govern light emission of *P such as intramolecular oxidative
uenching attached to the aforementioned photochemistry, may
e turned to account for the rational design of smart molecular
evices.

Brought together, these issues indicate that the suitable lowest
hexi state of P for PMDs intended for either artificial photo-
ynthesis or molecular sensing applications should have a spin
ultiplicity different from that of the ground state, and giving rise

o phosphorescence when emissive. Typically, in the case of closed-
hell transition metal complexes showing a diamagnetic ground
tate (singlet state), as is the case of d6 metals embedded within
strong ligand field of (pseudo)octahedral symmetry, the lowest

hexi state is a triplet MLCT (3MLCT).

.4.2. Absorbing light in the visible-NIR range (artificial
hotosynthesis purposes)

Under favorable conditions (roughly speaking: a sunny day
t noon and at sea level), typical solar spectral irradiance
W m−2 nm−1) on the Earth is distributed as follows: near-UV: 5%
UV radiation is largely filtered by the atmosphere [58]), visible
400 nm≤�≤700 nm): 43% and IR: 52% [59]. On the other hand,
ar-infrared radiation is not useful, as it cannot induce electronic
ransitions (see also Section 1.1.1). Therefore, quantum conver-
ion of solar energy relying on at least a primary photochemical
rocess requires photosensitizers absorbing light essentially in
he visible and near-IR domains. It is also noteworthy that this
ange of energy is indeed compatible with the achievement of
hemical reactions of interest for energy storage [58,59] so that
unlight is worth harvesting. In this context, arguably the most
ascinating process is the splitting of water molecules into molecu-
ar dihydrogen and dioxygen (H2O = H2 + 1/2O2) [60]. Water does
ot absorb solar radiation hence oxidation–reduction reactions

nvolved in the splitting process need to be photosensitized. The
ree energy of this benchmark process is 1.23 eV, corresponding
o a photon at a wavelength of 1008 nm. Actually, this value for-
ally translates as the minimum energy gap between the lowest
hexi state (responsible for the photochemistry) and the ground
tate (that is, the threshold energy for water splitting [61–63]),
rovided that excited-state redox potentials of the photosensitizer

ie properly with respect to water oxidation and proton reduction
30,62,64].

R

p
c
(

eactivation (wavy line) and (3) photochemistry including PET and PEnT processes;
↔): interplay of the 3MLCT with the 3MC level via thermally activated internal
onversion (ic) and subsequent radiationless isc (2) to the GS. Effects of intervening
xcited-state relaxations are omitted for clarity.

The present paper therefore concentrates on molecular pho-
osensitizers, which are chromophoric coordination compounds
bsorbing light essentially in the visible and near-IR domains [65]
n addition to emitting light (phosphorescence) as one of the prefer-
ntial means to recover their ground state (luminophore behavior).

.4.3. Selecting Ru(II) and Os(II) polypyridyl complexes as the
hotosensitizers

Over the years, in the field of inorganic photophysics and
hotochemistry, polypyridyl complexes of d6 transition metals,

n particular tris(diimine) and bis(triimine) compounds, have
merged as the most appealing and popular photosensitizers
29,54,66]. Among them, there are Rh(III) [67] and Ir(III) [68]
olypyridyl complexes; unfortunately, these are barely colored
essentially UV-absorbing chromophores; Section 1.1) and their
hotochemistry is dominated by LC transitions. Hence, they do
ot fulfill the afore-identified requirements. With respect to Re(I)
omplexes, they are often mixed polyimine-carbonyl derivatives
lassified among organometallic rather than coordination com-
ounds. Even if their electronic, photophysical and photochemical
ehavior is rich and to various extent based on an MLCT reactivity
69], they will not be further discussed here, as they usually absorb
ight essentially in the near-UV/near-visible domain (� < 450 nm).
inally, Ru(II) [70] and Os(II) [71] polypyridyl complexes are more
uitable because of the proper balance they show between (1) large
bsorption cross-section (ε≥104 M−1 cm−1) in the visible range
72] (with possible extension towards NIR for Os-based species,
hanks to partly allowed 3MLCT transitions [73] as a result of large
pin–orbit coupling) and (2) stability towards light irradiation. Of
mportance, also, intersystem crossing (isc) between the lowest
MLCT state (S1) and the 3MLCT lowest thexi state (T1) is very rapid
femtosecond timescale) [11] and highly efficient (˚isc≈1) [74].
his quantitative conversion of S1 into T1 gives to the lowest thexi
tate of these polyimine complexes its pivotal role even though this
ole also depends on an upper-lying state of the same spin multi-
licity (triplet) but of different nature (MC), namely the thermally
ccessible ligand-field (dd) state 3[(d�)5(d�*)1].

.4.4. On the complexity of tuning excited-state properties of

u(II) and Os(II) polypyridyl complexes

Photoinduced processes attached to Ru(II) and Os(II) polyimine
hotosensitizers are summarized in Fig. 3. Noteworthy, photo-
hemistry (pathway 3) usually occurs to the detriment of emission
pathway 1). Similarly, populating the 3MC state, which undergoes
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ighly efficient radiationless deactivation to the GS (pathway 2)
54], bypasses pathway (1). Hence, analysis of the luminescence of
-containing molecular assemblies is a valuable means to obtain

nformation on the effectiveness of intramolecular photoinduced
rocesses. To what extent these processes (paths 1, 2 and 3) can
e tuned (gated) by conformational parameters is the question
ddressed in the present review, which is essentially assessed on
he bases of photophysical issues.

P is potentially an electron donor/acceptor (for charge separa-
ion) and an electronic energy donor (for electronic energy transfer)
y virtue of its lowest-lying 3MLCT state (T1). There are three main
trategies which may be used to tune the photophysical and photo-
hemical features of P. On the one hand, adjusting the 3MLCT–3MC
nergy gap (parameter a) and modifying intrinsic features of the
MLCT level by playing on the extent of intraligand electronic delo-
alization (parameter b) are the usual means to control the lifetime
f the lowest thexi state. On the other hand, adjusting the energy
f T1 normally goes through changing the 3MLCT–GS energy gap
parameter c). The point is that all three parameters (a, b and c) are

ore or less interrelated so they cannot be varied independently.
hanging any of the first two parameters (a and b) also impacts the
MLCT–GS energy gap (parameter c) and vice versa. There exists
owever a fourth and recently perfected approach (parameter d)
75] worthwhile to be outlined. This is distinguishable from the first
hree in that pathway (1) is regulated by reversible energy transfer
equilibration) via pathway (3) [76] without perturbing any of the
ey energy gaps (parameters a and c) of P (supermolecular behavior
f type (A) in Section 1.2.3) [77]. This sophisticated strategy aiming
t increasing the lifetime of T1 [78] relies on the use of a remote site
ppended to P (RS in Fig. 1) as a temporary energy reservoir [77,79]
cf. Section 1.4.4.2 below).

Fortunately, the complexity and subtlety devoted to the task
f tuning the excited-state features of P is somewhat alleviated
y the synthetic versatility of Ru(II) and Os(II) polypyridyl com-
lexes, which actually largely stems from their kinetic inertness as
ompared with similar, but labile, iron(II) compounds, subject to
igand redistribution in solution [80]. This valued chemical stabil-
ty allows one designing bis- and even tris-heteroleptic compounds
81]. Various approaches aiming at manipulating the properties of

LCT excited states (and especially the lifetime of T1) are well doc-
mented [77,82–89]. They can be categorized into coarse-tuning
hose modifications concerning the core of P (that is, P0; Fig. 1),
nd fine-tuning, those adjustments concerning the decoration layer
f P0 (encompassed in P1) as well as the RS when present (case of
pproach based on parameter d).

.4.4.1. Coarse- and fine-tuning of excited-state properties of Ru(II)
nd Os(II) polypyridyl complexes. Whether working in the absorp-
ion or emission regime (attached to excited-state behavior),
asically the same types of states (MLCT and MC) are involved.
herefore, it is not surprising that the tuning of electronic features
f P as a chromophore [89,90] or a luminophore [83,84] relies on vir-
ually the same principles. For instance, increasing the ligand field
ncreases the energy gap between the 1[(t2g)6(eg)0] singlet state
corresponding to the GS, S0) and the (2S+1)[(t2g)5(eg)1] excited “dd”
tates (also denoted as (2S+1)[(d�)5(d�*)1], whether 1[(t2g)5(eg)1] or
[(t2g)5(eg)1] referred to as 1MC (Sn) and 3MC (T2) levels, respec-
ively; Fig. 3). Similarly, lowering the energy of the LUMO (here a �*
rbital of the electron-accepting ligand) decreases the energy of the
orresponding MLCT states (whether 1MLCT or 3MLCT), revealed

y a bathochromic shift of the absorption band (1MLCT state for-
ation) and a red-shifted emission band (originating from the

MLCT state). In the following, we essentially focus on the tuning
f excited states features as photoinduced processes are of main
nterest here.

o
1

M
a
e
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The coarse-tuning is primarily concerned with the strength of
he ligand field (represented by the d orbitals splitting, � = 10Dq)
nd is obviously directly related to the composition of P0 (including

and L). Photoinduced ligand dissociation speaks for the promi-
ent contribution of the ligand field. Although usually neglected,
owever, Ru(II)-polypyridyl complexes suffer slight photodecom-
osition when potentially coordinating counter-anions are present

n solution [91–94]. This detrimental ligand dissociation [95] is
scribed to thermal population of the upper lying T2 level (MC)
rom T1 [54]; this is the reason why osmium-based analogues, fea-
uring a ca. 30% larger ligand field, are virtually not concerned by
hotolabilization [2]. Actually, given a formal common composi-
ion for the P0L/M core (see nomenclature in Fig. 1), for instance
ruthenium(II) complex comprised of six pyridine rings (whether
y, bpy, tpy, higher oligo-py, other py-based ligands), � is closely
elated to the inner symmetry of the coordination sphere and the
resence of strains about the metal center related to four-/five-
embered chelate rings (resulting in M–L bond elongation and

ite angle deformations). Thus, � decreases on deviating from
deal Oh symmetry: being larger for the D3h [Ru(bpy)3]2+ species
denoted P0bpy/Ru) than for the trans-meridional D2d [Ru(tpy)2]2+

omplex (denoted P0tpy/Ru). Basically, this change of � and con-
equently the thermal accessibility of the 3MC state explains
he poor room-temperature photophysical properties of the bis-
erpyridyl complex (almost non-luminescent) as compared with
he tris-bipyridyl one (nicely phosphorescent) [54]. On this basis,
ntroducing strains in the close vicinity of the transition metal
including playing on inter-ligand steric hindrance) allows one to

ake the ligand field conveniently weak on-purpose to switch the
agnetic properties of the polyimine complexes from the usual dia-
agnetic low-spin state (S = 0) to the rare high-spin state (S = 2) [96]

r to favor photoinduced ligand ejection, turned to good account to
uild light-driven molecular machines or muscles [97]. Conversely,
ptimizing the coordinating pattern of polydentate ligands so as to
inimize inner-P0 strains (e.g. by arranging six-membered chelate

ings and hence increase �) is a means to dramatically improve the
hotophysical features of luminophores with respect to the lifetime
f the lowest thexi state (T1). This strategy has been success-
ully applied to obtain photosensitizers combining the appealing
tructural features of rod-like [98] pseudo trans-meridional bis-
riimine complexes [Ru(L2)]2+ (L = 2,6-bis(8′-quinolinyl)-pyridine:

tpy-like ligand) with great photophysical properties similar to
hose of reference tris-diimine complexes represented by archety-
al [Ru(bpy)3]2+ [99]. Last, it is worth noting that, besides gaining in
hemical stability and also possibly in �-delocalization (see below)
87,100], the rigidity provided by the use of oligo-[n]dentate lig-
nds (instead of n monodentate ligands) also greatly contributes
o the photophysical improvement of P0 by reducing the weight of
on-radiative decay from T1 (Fig. 3), including by cage-like effects
101].

Once the basic P0/M motif has been selected, fine-tuning comes
nto play to customize electronic properties of P in the form
f the P1/M derived family (Fig. 1). Roughly, for the R1 type of
ecorations (Fig. 1) whether of purely inductive character (±I)
r of mixed inductive (±I) – mesomeric (±M) nature, electron-
onating substituents (+I/M) are more destabilizing for the MC
round state that is, the filled metal (d�)6 orbital (HOMO), than
or the lowest-lying empty �* orbital of L (LUMO). On the other
and, electron-withdrawing substituents (−I/M) are more stabiliz-

ng for the �* orbital of L than for the MC ground state [84]. In

ther words, both types of substituents contribute to decrease the
MLCT–GS energy gap, thus leading to a bathochromic shift of the
LCT absorption band(s) as compared with reference parent P0. As
consequence, emission is red-shifted accordingly. Moreover, het-
roleptic compounds related to the same P0 core and carrying both
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energy (RS = A) and temporarily store it, thus acting as reservoir(s)
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lectron-accepting and electron-donating R1 substituents always
bsorb and emit photons at lower energy than parent reference
omoleptic complexes (P0) due to cumulated electronic effects of
he two types of decorations (namely lowered energy of the LC
* orbital (LUMO) by the acceptor and energy-destabilized d(�)
C HOMO by the donor) [84]. There exists however a basic dif-

erence between electron-donating and electron-withdrawing R1

ubstituents when referring to the strength of the ligand field. On
he one hand, taking the bare P0 parent as the reference, electron-
ccepting substituents further diminish inter-electronic repulsion
ithin the filled d(�) orbitals (greater nephelauxetic effect), thus

tabilizing this component and increasing the ligand field splitting
f the d orbitals (�) [102], and thereby enlarging the 3MLCT–3MC
ap (parameter a). On the contrary, electron-donating substituents
ontribute to increase inter-electronic repulsion within filled d(�)
rbitals of the HOMO (weakened nephelauxetic effect as compared
ith that effective within native P0), which is energy-destabilized

ccordingly, hence the correlated reductions of both � and the
MLCT–3MC gap (parameter a). Therefore, depending on the bal-
nce between detrimental effects of energy gap law (reduced
MLCT–GS gap (parameter c)) and beneficial contribution of
educed thermal accessibility of dd states (3MC) from T1 (enlarged
MLCT–3MC gap (parameter a)), electron-accepting R1 decorations
o not systematically result in the shortening of the key lifetime
f T1, conversely to electron-donating groups. Generally, depend-
ng on whether the weight of the radiationless decay via the dd
athway is low or high for a given P0 core that is, whether P0 is
asically a good (e.g. P0bpy) or a poor (e.g. P0tpy) luminophore,
he red-shifted emission of the derived P1 series of photosensi-
izers obtained by the decoration of P0 will be respectively more
30,88,89,103] or less [84] sensitive to energy gap law.

Regarding the extension of the lifetime of the T1 MLCT excited-
tate, one of the most efficient fine-tuning method consists of
rranging increased electron delocalization over the acceptor
igand by extending its conjugated �-bonding framework (afore-

entioned strategy based on parameter b) [87,100,104]. Basically,
his approach is aimed at averaging structural distortions (�Qe)
ttached to the presence of photo-promoted electron on the lig-
nd by increasing the number of �-bonds mobilized to support
his electron. The difference in the equilibrium displacement (�Qe)
etween the lowest thexi state (T1) and the ground state (S0),

s therefore minimized and so is the magnitude of the vibra-
ional overlap between T1 and S0. Related to this latter integral
Franck–Condon factor), the rate constant for non-radiative decay
knr) of T1 is decreased accordingly and the lifetime of T1 is thus
ncreased.

Together with increased rigidity of the ligand framework (often
ttached to the design of “large-surface ligand”), which also
esults in a decrease of knr following the minimized change
n the �Qe between T1 and S0 [87,100,104], the “delocaliza-
ion strategy” (parameter b) has been successfully applied to
ircumvent the detrimental effects of the energy gap law for
IR emitters [83,105,106]. Moreover, when appropriately combin-

ng their electron-donating and withdrawing decorations [83,89],
uthenium and osmium complexes of these polypyridyl-based
or derived) large-surface ligands are often choice candidates as
anchromatic dyes (colloquially known as black absorbers [107]).

Another illustrative implementation of the “delocalization strat-
gy” concerns the lifetime improvement of the lowest thexi state
f trans-meridional bis-triimine complexes of ruthenium(II) (rep-
esented by [Ru(tpy)2]2+, denoted P0tpy/Ru), which are of pivotal

nterest to build linear PMD arrays meant to photo-produce long-
ived charge-separated states [80,86]. This important issue has been
ubject, also, to a great deal of effort at the coarse-tuning level [99]
cf. Section 1.4.4.1). Thus, instead of appending the usual phenyl

t
i
p
l
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ubstituent at the 4′-position of tpy to expand the �-framework of
he tridentate ligand (see Section 2), Hanan and co-workers have
roposed to exploit the sterically less demanding 2-pyrimidinyl
prmd) ring [108,109]. In doing so, two fine-tuning parameters are
ctually changed:

(i) The �-extending conjugation is reinforced insofar as there is
a steric decongestion about the interannular linkage, between
the central ring of the tpy (part of the P0tpy core) and the
dangling pyrimidinyl ring. The tpy and prmd moieties (with
attached dihedral angle �0) are then allowed to lie in an almost
coplanar fashion in the ground state, as demonstrated by X-ray
diffraction: �0 < 10◦ [108,110] versus ca. 25◦ on the average for
phenyl-substituted tpy analogues [111].

ii) The �-accepting (electron-withdrawing) character of the sub-
stituent is reinforced as compared with phenyl group due to
the heterocyclic nitrogen atoms of the pyrimidinyl fragment. As
previously explained, this latter factor contributes to enlarge
the 3MLCT–3MC energy gap and therefore to reduce the effi-
ciency of the radiationless deactivation pathway (2) (Fig. 3) via
thermal population of the 3MC level.

Acting together, these effects result in a significant improvement
f the photophysical features of the P0tpy/Ru luminophore when
mbedded within the [(tpy)Ru(tpy-prmd)]2+ complex (denoted
0tpy(�0)prmd/Ru with prmd as a R1� substituent of the core P0tpy,
lso labeled as Ptpy1prmd/Ru; cf. Fig. 1). Typically, the emission
ifetime is multiplied by a factor of 30, increasing from 0.25 to 8 ns.

.4.4.2. When conformational modulation of excited-state properties
f Ru(II) and Os(II) polypyridyl complexes comes into play. Particu-
ar attention deserves to be paid to those substituents having a

esomeric electron-accepting character (usually denoted as -M)
uch as conjugated aryl groups showing a conformational degree
f freedom (�) (R1� in Fig. 1), in contrast to other �-extending R1

ubstituents like nitrile or ethynyl fragments, which display sym-
etry of revolution. Indeed, besides lowering the energy of the

UMO (LC �* orbital) and allowing extended electron delocaliza-
ion, they can be involved in structural relaxations subsequent to
he intramolecular charge redistribution attached to the formation
f MLCT states: namely a planarization upon ligand reduction (Sec-
ion 1.3). The point is that the change of the twist angle � – moreover
owards (co-)planarity, – which amounts to promoting intraligand
onjugation, is precisely likely to impact (favorably) the lifetime of
1 (cf. Section 1.4.4.1).

Intramolecular conformation also plays a role when the tuning
f the photophysical properties of P relies on the use of one or more
ppended remote(s) site(s) (RS). As a matter of fact, there is a multi-
licity of potentially operative pathways at the intramolecular level
hen dealing with PET and PEnT processes. Following the realiza-

ion that, for PMDs, ill-defined structures may impact negatively on
heir functional working mode –suffice to mention the detrimental
ffects of intramolecular short-circuits within flexible assemblies –
112–114], fine-control of the overall geometry of multicomponent
ssemblies has emerged as a key issue, and there is now a gen-
ral propensity to design (semi)-rigid architectures [111,114–117].
his is, for instance, the case for the multichromophore approach
imed at increasing the lifetime of the lowest thexi state of inor-
anic P (cf. strategy based on parameter d; Section 1.4.4) [77]. The
S used are organic chromophores capable of accepting electronic
o delay MLCT decay and thereby increasing its lifetime. Provid-
ng the subtle balance between proper kinetic and thermodynamic
arameters attached to P and RS (A), the concept is based on equi-

ibration processes namely reversible intercomponent P←(path
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Fig. 4. Simplified scheme accounting for intramolecular PEnT processes involved
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n the fine-tuning of the lifetime of the pivotal MLCT lowest thexi state (T1) of P
ithin P∼A and P-(�)-A assemblies, and following photoinduced formation of the
-centered 1MLCT excited state. 3RSC refers to the RS-centered triplet state (T1A)
RS = A), also loosely referred to as intra-ligand triplet state (3IL) in the literature.

)→RS (Figs. 3 and 4) energy transfers. Roughly, (i) the remote chro-
ophore A must possess its lowest-lying triplet state (3(�–�*); T1A

n Fig. 4) close in energy to the T1 state of P (preferably isoener-
etic), (ii) the decay (whether radiative or non-radiative; path (4)
n Fig. 4) of the RS-centered T1A triplet state must be significantly
lower than the decay of the P-centered T1 (in particular for the
hosphorescence) and (iii), the intercomponent EnT (path (3) for-
ard and backward rate; Fig. 4) must be larger than the decay rates
f both triplets (T1 and T1A). Clearly coming within the fine-tuning
pproach of the features of P, the concept is actually plural in its
evelopments and implementations. Originally [75] perfected for
ovalent assemblies linked by “saturated” insulating spacers (such
s – flexible – hydrocarbon tethers) that is, genuine P∼A super-
olecular assemblies (PMDs of type (A) in Section 1.2.3) [118], the

oncept was later demonstrated also to be workable with link-
rs capable of mediating substantial electronic coupling such as
thynylene connectors [119]. It remains nonetheless true that, in
his case, the connector also serves as a �-extending group [120]
nown to perturb excited-state features of *P (Section 1.4.4.1). The
ehavior of the overall assembly is therefore worth describing as a
airly coupled supermolecule of type (B) (cf. Section 1.2.3). Even
n the case of compact assemblies deprived of true spacer (the

and RS are directly bonded) but showing a dihedral angle (�)
etween sub-systems formally functioning as such [121] (refer to
he P-(�)-RS borderline case of interest evoked in Section 1.2.3),
S can act as a temporary energy reservoir even though it is not

nvolved in a reversible EnT. For such electronically closely cou-
led, spatially compact and semi-rigid P-(�)-A two-component
super)molecules, direct intersystem crossing (iscP-RS) between the
owest-lying MLCT singlet state of P (S1) and the triplet-state of

(T1A) has been demonstrated (Fig. 4). Accordingly, the quantum
ield for the intra-photosensitizer iscP between 1MLCT and 3MLCT
tates (˚isc,P in Fig. 4) usually assumed to be unity is, in this special
ase, significantly smaller and typically only ca. 0.7 [121]. In other
ords, close coupling (either spatial or electronic) allows part (ca.
0%) of the energy attached to the 1MLCT state of *P to be directly
ransferred to the remote T1A energy reservoir, so bypassing the
owest thexi state of the photosensitizer. Energy stored in the form
f the T1A state of the RS is finally returned to P by populating

ts T1 state (pathway (3) in Fig. 4, taken forward to P [122]). As a
esult of the delayed population of T1 (in addition to usual –direct

1
population from the higher-lying MLCT state), the lifetime of
he lowest thexi state of *P is markedly increased [121,123]. The
act that this behavior is observed in such a closely coupled assem-
ly is indicative of one of the basic feature of triplet states, namely
heir locally excited states nature (LES; Fig. 2), moreover capable of

p
p

p

ig. 5. Salient features of a semi-rigid fairly coupled P-(�)-A supermolecule
esigned to extend the lifetime of the lowest thexi state of the P0tpy/Ru core (that

s, [Ru(tpy)2]2+ luminophore) [125a].

xhibiting rather strong electronic coupling without getting dena-
urized [124].

Finally, one of the most promising means to prolong the life-
ime of the lowest thexi state of a given P0 core was to combine
he approach based on extended electron delocalization of primary
igand(s) (P1) [125] (Section 1.4.4.1) with the multi-chromophoric
pproach based on the use of remote energy reservoir(s) (P∼A)
77,110]. In the illustrative case of trans-meridional bis-terdentate
u(II)-based photosensitizers (i.e. P0tpy/Ru), the P0 is first substi-
uted by a �-extending and �-accepting decoration (namely the
-pyrimidinyl group, prmd; cf. Section 1.4.4.1) and the resulting
1 type of chromophore (i.e. Ptpy1prmd) is subsequently linked to
suitable RS as energy acceptor A0 (namely an anthracene unit,

enoted A0An; see Fig. 1) to give the Ptpy1prmd-(�1)-A0An assem-
ly (Fig. 5). Thereby embedded within a fairly coupled semi-rigid
-(�1)-RS supermolecules of type B (as defined in Section 1.2.3),
he P0tpy/Ru luminophore (�em≈0.25 ns) has its emission life-
ime increased by a factor of 1600 (up to 400 ns [123,125a]) [126].

oreover, from a more general viewpoint, this combined approach
as the great asset over the original multichromophoric approach
ased on flexible linkers [75,118] to allow better control over the
igid molecular geometry, which is of paramount importance for
MDs meant to perform directional PET and PEnT. Intramolecular
teric hindrance about the intercomponent linkage results in a geo-
etrical decoupling (represented by torsion angle �1) correlated
ith a partial electronic decoupling of the P and RS subsystems.

orsion angle �1 thus ensures the preservation of key electronic
eatures of the components (see Section 1.2.3), therefore virtually
laying the role of a spacer within the compact semi-rigid super-
olecule [77,110].

.5. Assessing the impact of conformational changes on

hotoinduced processes within semi-rigid
hotosensitizer–acceptor (P–A) inorganic assemblies

Throughout Section 1 various backgrounds involved in the
lural field of supramolecular (inorganic) photochemistry have
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Fig. 6. Planarization (about �0) within the decoration layer of the P0tpy core. The
principal photophysical features of P0tpy/M luminophores are presented together
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een outlined, with a particular focus on the implementation for
rtificial photosynthesis. At each stage, possible ways for structural
roperties (including conformation) and electronic properties
including photophysics and photochemistry) to interplay have
een highlighted. Among semi-rigid and closely coupled func-
ional architectures, intramolecular conformation is expected to
e most influential with respect to the electronic working mode of
upermolecules. Now, tackling in concrete terms the impact(s) of
onformational fluctuations (whether thermally activated or pho-
oinduced; cf. Section 1.3) on the electronic behavior of compact
ssemblies, we analyse three case studies (Sections 2–4). Emphasis
s put on the consequences over both the status of the individual
unctional elements and their capability to interplay subsequent
o absorption of light. The impact on the photophysical behavior
f the primarily concerned inorganic P components is examined
rst (Section 2). Then, the impact on photoinduced processes
photochemistry) is investigated through the analysis of two
pecial cases, which are series of photosensitizer–acceptor putative
dyads” (with putative RS = A) showing different degrees of com-
actness (Sections 3 and 4). For each illustrative case, the goal is to
larify whether the acceptor group (A; Fig. 1) behaves as an influen-
ial substituent (R1 or R1�) of the photosensitizer P (more precisely:
s a substituent of the ligand(s) coordinated to the metal center) or
s a remote site interacting with P (P0 or P1), the intercomponent
lectronic coupling being tuned by intervening torsion angle �
Fig. 1). In other words, the question is to determine whether we
re dealing with large molecules fitting a delocalized description
f their electronic/photophysical properties (denoted as P(�)A) or
ith multicomponent assemblies fitting a localized description and

eferred to as supermolecules (namely dyads P-(�)-A), respectively
see Section 1.2.3). To avoid misleading issues related to the solvent
ependence of dynamic structural changes such as planarization
56], comparisons were made between photoinduced behavior
nvestigated under the same experimental conditions [56].

. Case study A. Light-induced structural changes around
he luminophoric core P0: the impact of planarization of
henyl decorations within P1

[Ru(bpy)3]2+ (denoted P0bpy/Ru) and [Ru(tpy)2]2+ (denoted
0tpy/Ru) are prototype photosensitizers in the field of supramolec-
lar inorganic photochemistry even though they display sharply
ifferent photophysical features. As previously mentioned, exploit-

ng the appealing geometrical features of P0tpy/Ru (namely
chirality and overall axial symmetry) [86] to build PMDs is not
hat straightforward because of the poor photophysical properties
f the basic photosensitizer. Much effort has been devoted during
he last two decades to improve both the absorption and emission
roperties of P0tpy/Ru, including the lifetime of its lowest thexi
tate (see Section 1.4). To this end, decorating the P0tpy/Ru core
ith aryl groups was soon proposed and more precisely, phenyl-

ubstitution of tpy ligands at either or both (4, 4′′) and 4′ position(s)
127,128]. Of particular interest for PMDs designed for photoin-
uced charge separation are those P0tpy-based photosensitizers
earing aryl fragments along the main molecular axis (that is,
ppended at the 4′ position of tpy ligands) [86]. These semi-rigid
omplex photosensitizers display some conformational degrees of
reedom within their decoration layer (aryl substituents are of the
1� type; cf. Fig. 1) and are therefore of interest here, as the first

ase study. The series of complexes examined (0-Ru, 1-Ru, 0-Os
nd 1-Os) is depicted in Fig. 6.

With respect to the nomenclature adopted to describe various
unctional assemblies, the tilt angle is not explicitly mentioned if
t is not functioning as an intercomponent spacer with respect to

6
M

o
o

ata actually correspond to closely related tolyl-substituted (R ) photosensitizers.
mission data recorded from deaerated nitrile solutions (0-Ru: [84,86,115c,129]/0-
s: [88,115a,129]/1-Ru: [86,115a,115c,129]/1-Os: [86,115c,129]). For nomenclature,

efer to Figs. 1 and 2.

ntramolecular electronic coupling (cf. Fig. 5). Here, phenyl deco-
ations obviously have the status of R1� substituents with respect
o the P0tpy/M core (see below). Hence, the P0tpy(�0)ph/M large
hotosensitizers (1-Ru and 1-Os; Fig. 6) are referred to as P1/M
ype of photosensitizers, namely Ptpy1ph/M (see Fig. 1 and Section
.2.3).

Regarding the electronic features of the photosensitizers, in
ddition to increasing absorption in the UV range, appending
henyl groups to P0tpy to form the Ptpy1ph chromophores also
esults in a significant enhancement of the extinction coeffi-
ient (ε) of the MLCT transition(s). In the case of the Ru(II)
omplexes, spin allowed 1MLCT transitions are shifted to lower
nergy (from 475 nm for 0-Ru to 490 nm for 1-Ru) with extinction
oefficients more than twice as large (from 1.48×104 M−1 cm−1

o 3.39×104 M−1 cm−1, respectively). In the case of Os(II) com-
lexes, the same trends are observed: a bathochromic shift of
a. 560 cm−1 (from 477 nm for 0-Os to 490 nm for 1-Os) and
n hyperchromic change of ca. 60% (from ε = 1.74×104 M−1 cm−1

o ε = 3.01×104 M−1 cm−1, respectively). Similarly, the supple-
entary bands corresponding to formally spin-forbidden 3MLCT

ransitions are also red-shifted and intensities increased by
0% on average: from 632 nm (ε = 0.43×104 M−1 cm−1) and
58 nm (ε = 0.47×104 M−1 cm−1) for 0-Os to 645 nm (ε = 0.67×104
−1 cm−1) and 668 nm (ε = 0.77×104 M−1 cm−1) for 1-Os.
The impact of the phenyl substitution on the absorption features

f the P0tpy chromophoric core is in line with electronic effects
btained by the fine-tuning of related P0bpy/Ru and P0phen/Ru
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ores with phenyl decorations [130]. Moreover, the electronic
hanges are highly informative on the actual role of the R1� groups.
ndeed, with respect to the 1MLCT transitions, the substantial
ncrease of extinction coefficient (ε) can be related to a “transfer
erm”, which is itself proportional to an increase of the effective
ransfer length (effective electron-transfer distance) involved in
he MLCT [89a,131–133]. In that sense, a hyperchromic effect is
ndicative of the �-extending role of the phenyl fragments with
espect to CT [89b,134]. The decrease of the energy of the LUMO is
orrelated with extended �-conjugation, hence the observed red-
hift (bathochromic effect) of the MLCT absorption with respect to
0tpy/M parents. The point is that the �-extending role revealed
y absorption features is actually related to the instantaneous
Franck–Condon prepared – conformation of P1 chromophores,

rozen in the geometry of the ground state (and characterized
y �0; Fig. 6). As explained in Section 1.3, it is expected that the
emi-rigid structure will relax towards (co-)planarity subsequent to
harge redistribution (MLCT state formation). Emission is therefore
xpected to originate from a planarized lowest thexi state character-
zed by a sizably different intraligand conformation (*�0 < �0) and
amely, a greater extension of �-conjugation. In other words, the
mission energy is anticipated to be smaller than estimates derived
rom known correlations between ground-state and excited-state
roperties.

Phenyl substitution has some intriguing aspects within the
ramework of an early and thorough analysis of substituent effects
n the P0tpy/Ru prototype. In 1995, Maestri et al. [84] investi-
ated a large series of Ptpy1R/Ru complexes. For a wide range
f electron-donating and accepting decorations of P0tpy/Ru, they
ound correlations between electrochemical redox potentials, the
ammett substituent parameter (�) and the emission energies
riginating from 3MLCT level. However, they noticed a discrepancy
or the �-extending phenyl substituent, which induces a larger red-
hift of the emission energy than would be expected simply on the
asis of its � value (virtually the same as that of proton). At that
ime, they ascribed this deviation indicative of a stabilized emis-
ive state compared with the electrochemical expectations to some
tructural reorganization intervening in the excited state leading
o *�0 /= �0 (Fig. 6). More precisely, they hypothesized a relaxation
conformational change) towards a structure which stabilizes the
harge separation created by light excitation, without giving fur-
her indication regarding the rotation tendency: twisting (�0 < *�0)
ersus planarization (�0 > *�0)? (cf. Section 1.3). Of note, they also
nferred that even if the phenyl substituent is solely a �-extending
roup (rather than �-accepting like the pyrimidinyl fragment; cf.
ection 1.4.4.1), it can certainly behave as an electron-accepting
oiety in the excited-state, when the 3MLCT (lowest thexi) state is

ormed [84].
A few years before this extensive experimental work was per-

ormed, Calzaferri and co-workers [135] had carried out extended
ückel calculations on the phenyl-decorated P0tpy/M chromophore
t the 4′ position of the tpy ligands that is, Ptpy1Ph/M species
1-Ru and 1-Os in Fig. 6). Insights gained from these molecu-
ar orbital studies clearly indicated that intra-ligand planarization
�0 > *�0) was the excited-state structural relaxation expected to
ccur subsequent to MLCT state formation. These issues were fur-
her substantiated only very recently in the case of Ptpy1ph/Os
mbedded within dyads (cf. see Section 4, case study C) at both
he experimental level (ultrafast spectroscopy [115a]) and the the-
retical level (from first principle: DFT calculations [114,115b]). Of

ote, it was found that steric hindrance between the four hydrogen
toms about interannular linkages is not completely withdrawn so
hat full coplanarity is not reached (�0 > *�0 /= 0), hence the interest
f replacing the phenyl moiety with other sterically less demanding
ryl extensions.

s
s
(
t
(
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Actually, the first definitive demonstration of excited-state pla-
arization of peripheral phenyl substituents came from the study
f the other prototypic photosensitizer, namely P0bpy/Ru. Indeed,
arallel to studies devoted to phenyl-substituted P0tpy/Ru photo-
ensitizers, McCusker and co-workers undertook a comprehensive
tudy to rationalize the intriguing photophysical behavior of vari-
us phenyl-decorated P0bpy/Ru derivatives. From 1997, combining
xperimental [136] and theoretical [137] approaches, they provided
ompelling evidence to support the occurrence of excited-state pla-
arization. Finally, they investigated these model photosensitizers
sing ultrafast transient absorption spectroscopy and could show
hat excited-state conformational relaxation takes place within ca.
ps (picoseconds) in the case of the phenyl-decorated P0bpy/Ru
omplexes [138] and involves the 3MLCT lowest thexi state, given
hat intersystem crossing occurs within ca. 50 fs (femtoseconds)
11].

In Fig. 6 are listed the emission quantum yields (˚em) and
ifetimes (�em) of P0tpy/M cores and related Ptpy1Ph/M photosensi-
izers. Clearly, in addition to remarkably increasing photosensitizer
bsorption cross-sections (light-harvesting elements of integrated
ntenna), phenyl substituents also significantly improve their
mission properties [139], including lifetimes of the lowest thexi
tates. The detrimental contribution of planarization, as a structural
eorganization, further contributing to radiationless deactivation
140], is more than compensated by the correlated reduction of
he Franck–Condon factor [87,100]. With the beneficial impact
f enhanced electron delocalization on the photophysical fea-
ures in mind (see Section 1.4.4.1), it follows that the substantial
hotophysical improvements noticed in passing from naked to
henyl-decorated luminophores, in part, result from unexpected
xcited-state planarization. In other words, excited-state con-
ormational relaxation towards intra-ligand coplanarity (that is,
lanarization) further contributes to improving the photophysical
eatures of the photosensitizers (whether P0tpy/M or P0bpy/M) to a
reater degree than originally expected (or planned) from the decora-
ion of these cores with phenyl substituents [84,130,141].

Brought together, these observations highlight the beneficial
mpact of phenyl planarization on the photophysical features of
, in the context defined in the present review. Moreover, pla-
arization appears to be a widespread phenomenon as far as aryl
xtensions involved in CT processes within semi-rigid architectures
re concerned. To some extent, this behavior also illustrates the
act that the chromophore entity, which absorbs light, is not nec-
ssarily identical to the luminophore entity which re-emits light,
ven though these two entities are formally the same, namely the
hotosensitizer P.

. Case study B. Conformational gating of the
hotophysical/photochemical behavior of the luminophore
ithin P0-A compact assemblies

Linking functional groups as putative full components to the
omplex photosensitizer (P), is the next step towards multifunc-
ional assemblies like PMDs. Whether the added subunit is directly
onnected to P or linked via an intervening spacer, it is expected
hat planarization will occur as far as aryl fragments are involved
n charge redistribution. In this section, the case of compact assem-
lies made up of an acceptor group (A) covalently tied to P without
spacing molecular fragment but with a tilt angle (�0A), is exam-

ned (Fig. 7). The question addressed here for each member of the

eries of complexes is whether we are dealing with a P0L-(�0A)-A
upermolecular dyad species or with a PL1A large photosensitizer
see Section 1.2.3). In doing so, the aim is to delineate the role of
he intramolecular conformation (�0A) in this determination (P0L-
�0A)-A versus PL1A).
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Fig. 7. Conformational gating of the photophysical/photochemical behavior of the
luminophore; the status of 1-tpy [115c], 1-bpy [45] and 1-phen [45,142] compact
assemblies: P0-(�0A)-A/Ru supermolecules (see Section 1.2.3) or P0A/Ru (that is,
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bilized and the 3MLCT–3MC energy gap enlarged. This translates
1/Ru also denoted P0(�0A)A/Ru) large molecules? Room-temperature photophysi-
al features (recorded in deaerated MeCN solution) of selected Ru-based compounds
ogether with related bare P0L reference photosensitizers [143].

Clearly, planarization is expected with aryl groups other than
he phenyl substituent, all the more so if they are not only a
-extending but also a �-accepting group such as the pyrim-

dinyl extension (Section 1.4.4) or the currently used pyridinium
ing electron acceptor. Indeed, photoinduced planarization is well

stablished for pyridinium derivatives [7], whether based on mixed
yridyl-carbonyl complexes of Re(I) [144] or based on Ru(II)
olypyridyl complexes [114,145,146]. In contrast to Ptpy1ph/Ru (1-
u in Fig. 6), however, there is a pronounced steric congestion about

i
e
2
t
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he linkage between the pyridinium ring (central to the triphenyl-
yridinio moiety, TPH3

+; Fig. 7) and the P0L core within 1-tpy and
-bpy. As a result of the presence of bulky phenyl substituents at
ither side of the Npyridinio atom, the �0A value approaches 90◦ in
oth cases [45,111,114,115,147,148]. This structural feature is usu-
lly referred to as geometrical decoupling [111,114,115]. For 1-phen,
here is no such large intramolecular hindrance but only the usual
mall repulsion between the hydrogen atoms ortho to the inter-
nnular bond, as in 1-Ru. Thus, �0A about the pyridinium-phen
inkage approaches 0◦ within 1-phen in the ground state (�0A actu-
lly amounts to ca. 25◦ [142]) [111].

Another noticeable difference between the three members of
he series stems from the capability of the pyridinium, as a redox-
ctive subsystem, to potentially act as a partner for photoexcited
. By combining electrochemical and low-temperature emission
ata derived from the photoactive species, one can generate esti-
ates [88] of the excited-state redox properties of *P embedded
ithin its specific molecular landscape, hence assessing the driv-

ng force (�G(ET)) for photoinduced intercomponent ET (towards
harge separation) [54,88,149–151]. While clearly endergonic (>0)
or 1-tpy, �G(ET) is borderline (roughly isoenergetic or barely
ndergonic) for 1-bpy and 1-phen (cf. Fig. 7). Changes in the intrali-
and torsion angles, �0A or �4 (attached to the almost freely rotating
henyl terminus at the position 4 of pyridinium; Fig. 7), are likely to

mpact the redox properties of the pyridinium: the smaller the twist
ngle the greater the electron-acceptor features [45,115a,146,152].
xcited-state planarization is therefore anticipated to reinforce the
lectron-withdrawing capability of the pyridinium moiety [142]
ven though this latter is supposed to be reduced when the (ML)CT
r CS state is formed. This synergistic (or feed-back) effect corre-
ated with a change of the driving force makes the solutions to
arious thermodynamic issues, related to excited-state properties
ncluding, for example, �G(ET), rather approximate.

Lastly, neither TPH3
+ (A0TP) nor the p-phenyl-pyridinium

yPh+ (A0PP; Fig. 7) can play the role of an energy accep-
or with respect to P0L/Ru as their triplet energies (revealed
y low-temperature phosphorescence of acceptor models at ca.
50 nm [115b,115d]) lie well above that of the corresponding
MLCT state of P0L/Ru units embedded within their respec-
ive assemblies (�em(P0tpy) = 670 nm, �em(P0bpy) = 675 nm and
em(P0phen) = 645 nm at room temperature in deaerated acetoni-
rile). Moreover, A0TP and A0PP are both UV-absorbing fragments
hile P0L/Ru complexes are NIR emitters. Therefore, P0/Ru→A0

nergy transfer cannot explain the quenching of the luminescence
f P0bpy within 1-bpy. Neither can an energy equilibration process
e proposed to account for the increased emission lifetime of both
0tpy within 1-tpy and P0phen within 1-phen as compared with
elevant reference isolated photosensitizers [45].

Analysis of the absorption features of 1-tpy, reveals a large
yperchromic effect accompanied with a bathochromic shift of
he 1MLCT transition when compared with the reference P0tpy/Ru
111]. As previously (case study A; 1-Ru with respect to 0-Ru),
hese changes are indicative of spatially extended CT electronic
ransitions. However, because of the persistent intramolecular geo-

etrical decoupling about �0A, mentioned above, impacts on ε and
bsorption energy are no longer related to a further extension of
-conjugation but are rather ascribed to the through sigma-bond
ediated electron-withdrawing effect of the positively charged

pyridinio atom (inductive contribution (−I), essentially). At one
nd the same time, the �* ligand-centered LUMO orbital is sta-
nto the observed red shift of the emission (reduced 3MLCT–GS
nergy gap) and a remarkably increased emission lifetime (ca.
00-fold increased compared with parent P0tpy/Ru; Fig. 7), respec-
ively (see Section 1.4). With respect to the photophysical behavior
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f 1-tpy, the possible minor contribution of the intervening
lectron-delocalization effect associated with a slight excited-
tate planarization about �0A cannot be strictly ruled out, even
hough torsional motion is largely impeded. Lastly, bearing in

ind that intramolecular PET from *P0tpy/Ru to TPH3
+ is, by far,

hermodynamically forbidden, 1-tpy is worth considering as a
arge photosensitizer (Ptpy1TPH3/Ru) that is, a made-in-one-piece
uminophore at the electronic level.

With respect to 1-bpy, intramolecular geometrical constraints
re virtually the same as for 1-tpy (geometrical decoupling).
he same issues also hold for the electronic perturbation of the
0bpy/Ru chromophore by the Npyridinio atom of TPH3

+, even though
splitting of the 1MLCT absorption band is observed [45] instead
f the equivalent hyperchromic effect previously noticed [111]. The
oint is that P0bpy/Ru is a significantly better electron-donating
gent in the excited state (E(III/II*)) than P0tpy/Ru: −0.92 V ver-
us −0.76 V versus SCE, respectively. Most importantly, this trend
s retained in related complexes despite the detrimental electronic
mpact of the appended TPH3

+: E(III/II*) =−0.68 V for P0bpy/Ru
ithin 1-bpy versus E(III/II*) =−0.51 V for P0tpy/Ru within 1-tpy.
onsequently, �G(ET) is switched from unfavorable (case of 1-
py) to borderline (case of 1-bpy), thus becoming compatible with
he occurrence of a poorly efficient intramolecular PET with CS
tate formation that is, an intercomponent process indicative of a
upermolecular behavior (see Section 1.2.3). At one and the same
ime, TPH3

+ is a substituent of P0bpy/Ru (large molecule behavior)
nd a partner of *P0bpy/Ru (supermolecule behavior). The overall
ehavior is actually that of a compact P0-(�0A)-A supermolecule,
s revealed by the quenching of the phosphorescence of P0bpy/Ru
ithin 1-bpy most likely resulting from intercomponent ET (path
in Figs. 3 and 4) [45].

With respect to 1-phen, the energetics are essentially the same
s for 1-bpy that is, borderline driving force for intramolecular PET.
n the other hand, there is no geometrical decoupling about �0A, so

hat planarization is not impeded in the lowest thexi state, contrary
o 1-bpy. The photophysical behavior of 1-phen is sharply different
rom that of 1-bpy insofar as the lifetime of the emission originating
rom the 3MLCT lowest thexi state is dramatically increased com-
ared with P0phen/Ru parent luminophore [142] (Fig. 7) instead
f getting dramatically shortened, like for 1-bpy. This observa-
ion is fully consistent with the development of an extended
-delocalization over the planarized domain of the phen-PyPh+ lig-
nd (*�0A≈0◦) in the lowest thexi state. As explained in Section
.4.4.1, this delocalization contributes to diminishing the vibra-
ional overlap between the lowest thexi state and the final ground
tate, hence reducing the efficiency of non-radiative decay accord-
ngly. Thereby, in the case of 1-phen, the photo-promoted electron
s finally delocalized over the whole planarized phen-PyPh+ “super-
igand” giving rise to a “super-MLCT” emitting state [45,142], rather
han being transferred to the pyridinium center (CS state formation)
s in the case of 1-bpy. In other words, the whole 1-phen complex is
orth considering as a large photosensitizer (Pphen1PyPh/Ru) fitting
delocalized description of its electronic/photophysical features.

The overall picture we get from the cross comparison of the
espective photophysical behavior of 1-tpy, 1-bpy and 1-phen is
s follows.

Firstly, at the functional level, the twist angle �0A is not relevant
as a spacer in the two following cases: (i) for 1-tpy, because the

appended TPH3

+ moiety is not a full component of the bipartite
molecule but only a decoration of the P0tpy/Ru core (TPH3

+ is
a locked R1� substituent that is, a (−I) R1 substituent; Fig. 1); (ii)
for 1-phen, because this torsion angle lies within the phen-PyPh+

“super-ligand” and merely vanishes in the planarized lowest thexi

s
h
l
i
a
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state since PyPh+ is a (−I, −M) R1� substituent (Fig. 1) of the
P0phen/Ru core.
Secondly, brought together, observations concerning 1-bpy and
1-phen indicate that, as far as �–� interaction is concerned,
which has by far the largest contribution to intramolecular
electronic communication, geometrical decoupling is rather effi-
cient to produce electronic decoupling, including within closely
coupled and compact assemblies. This issue is in line with
literature reports concerning other less compact assemblies
[1,111,114,115,117,147,153–159].

All things being equal between 1-bpy and 1-phen (namely,
0bpy/P0phen with respect to A0TP/A0PP) in particular regarding
he borderline driving force for intramolecular PET, it is shown here
hat changing a conformational parameter (such as �0A) that is, the
lectronic coupling between P0 and A, merely changes the status of
he whole molecule from that of a supermolecule (case of 1-bpy)
o that of a large molecule (case of 1-phen). The emission prop-
rties are switched accordingly from non-emissive for 1-bpy (due
o intramolecular oxidative quenching of *P and CS state forma-
ion) to increased emission lifetime for 1-phen (due to enhanced
xcited-state delocalization and super-3MLCT state formation).

. Case study C. Conformational gating of intercomponent
hotoinduced processes within P1-A assemblies

In this section, the series of four complexes depicted in Fig. 8 is
xamined. These assemblies are made up of an Os(II) bis-tpy com-
lex (P0tpy/Os) linked via an aryl moiety to a triaryl-pyridinio group
TP+) [115a].

First of all, similar to the R1� phenyl substituent of the P0tpy/M
ore (Fig. 1) investigated in Section 2, aryl moieties (whether
henyl, tolyl or xylyl) subject to planarization fully partake in the
hotosensitizer component [86,134]. P0tpy-(�0)-aryl/M is a single
lectronic entity therefore worth referring to as Ptpy1aryl/M (actu-
lly Ptpy(�0)1aryl/M in the ground state giving *Ptpy(*�0)1aryl/M in
he lowest thexi state; see Section 2). In other words, �0 is no longer
determining twist angle while �1 possibly functions as a spacer

or the complexes of the present case study (Fig. 8).
Two parameters are to be varied here: (i) the level of restriction

or torsional motion about �1 and (ii), the driving force for photoin-
uced intramolecular ET. Replacing the intervening phenyl moiety
etween P0tpy/Os and the TP+ group with a xylyl fragment allows
modifying structural factor (i). Thereby, the steric encumbrance

bout the linkage attached to �1 is changed from “two hydrogens –
wo phenyls” (restrained torsional motion; case of 2-Os and 4-Os) to
two methyls – two phenyls” (constrained or even locked torsional
otion; case of 3-Os and 5-Os), respectively. On the other hand,
odulating the thermodynamic factor (ii) goes through the nitro-

ubstitution of the triaryl-pyridinio moiety (TPH3
+→TPH2(NO2)+;

ig. 8) to improve (strengthen) the electron-accepting capability of
P+ as a potential remote site (RS = A) and redox partner of *P.

Noteworthy, the four assemblies show essentially the same �1
wist angle (ranging between 85◦ and 90◦) as judged from crystal-
ographic data [111,115a] that is, they apparently have virtually the
ame geometrical decoupling about �1 in the ground state, regard-
ess of the harshness of intramolecular steric hindrance. However,
ia thermally activated torsional motion, twist angle �1 experiences
wider angular range within restrained 2-Os and 4-Os than within
terically constrained 3-Os and 5-Os. The same issues obviously
old for excited-state photoinduced planarization. With the angu-

ar dependence of electronic coupling [111,114,115,117,147,153–159]
n mind, it follows that torsional fluctuations of larger amplitude
re therefore correlated with a greater intramolecular electronic
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F tus of 2-Os, 3-Os, 4-Os and 5-Os assemblies: P1-(�1)-A supermolecules or P1A larges
m aerated solution) of selected Os-based compounds [115a].
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ig. 8. Conformational gating of intercomponent photoinduced processes; the sta
olecules? [143]. Room-temperature photophysical features (recorded in MeCN de

oupling in the average (case of 2-Os and 4-Os) than torsional fluc-
uations of smaller amplitude like those allowed within constrained
-Os and 5-Os. Thereby, despite formally the same geometrical
ecoupling in the ground state, intramolecular electronic coupling

s greater within 2-Os and 4-Os than within 3-Os and 5-Os. To
ummarize, the level of steric restriction about �1 impacts both
hermally activated torsional fluctuations and photoinduced pla-
arization, hence the magnitude of the intramolecular electronic
oupling.

Conversely to the previous case study (Section 3), no sizable
hange in the absorption features attached to 1MLCT and 3MLCT
ransitions could be found when comparing the electronic spectra
f the various members of the series [115a]. Excited-state features
re actually the more informative with respect to the extent of
he intramolecular electronic perturbations of P by TP+. The low-
emperature emission spectra of various osmium-based species
2-Os–5-Os) including the bare Ptpy1Ph/Os photosensitizer (1-Os
n Section 2) are given in Fig. 9. Large structural motions (typi-

ally those involving the TP+ fragment about �1) are precluded in
he rigid matrix. Also, slightly exergonic intercomponent ET pro-
esses (case of 4-Os and 5-Os; see below) are impeded in glass due
o the endergonic contribution related to the repolarization slow-
own of surrounding solvent molecules [160,161]. Examining Fig. 9,

Fig. 9. Normalized low-temperature (77 K) emission spectra of 1-Os, 2-Os, 3-Os,
4-Os and 5-Os (�exc. = 600 nm in deaerated BuCN) [115a].
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three compounds is the ultrafast rise of the absorption in the NIR
domain (within ca. 2 ps [163]), which is ascribed to the planarization
about �0/�0A of phenyl/xylyl R1� substituents of P0tpy/Os within
Ptpy1aryl/Os [115a,115b] (cf. discussion in Section 2; case study A)
566 P.P. Lainé et al. / Coordination Che

he bare complex-photosensitizer (1-Os) behaves differently from
he other members of the series (2-Os–5-Os), which roughly have
he same emission energy within experimental error regardless of
he nitro substitution of TP+. These observations are evidence that
ppending TP+ to Ptpy1Aryl/Os has a sizable permanent electronic
nfluence on the photophysical properties of the photosensitizer.
hus, TP+ primarily behaves as a substituent of Ptpy1Aryl/Os. This
odest substituent effect, ascribed to the presence of the positively

harged Npyridinio atom, is also revealed by the slight anodic shift of
he redox potential attached to the complex photosensitizer within
he 2-Os–5-Os series with respect to the one measured for 1-Os
114,115a,115c,115d]. The fact that TP+ is to some extent part of the
hotosensitizer is also further substantiated by time-dependent
FT calculations devoted to 2-Os, which provided evidence for

he existence of a direct optical electron transfer (that is, an elec-
ronic transition) from the metal center to the pyridinium ring
f TP+ lying in the UV range (at ca. 350 nm) [114]. The quantum
ield for room-temperature emission of 2-Os, which is half that of
eference photosensitizer 1-Os, is therefore an intrinsic feature of
his Ptpy1Ph,TP/Os large photosensitizer. The deviation from emission
roperties of 1-Os can be ascribed to the electronic perturbation
ttached to TP+ group as a substituent, which also provides for some
upplementary radiationless deactivation pathways via torsional
otion of the TP+ moiety about �1. These issues hold for the whole

eries of osmium complexes. Rigidifying the molecular architecture
bout this linkage by adding bulky substituents (e.g. methyl groups
f the xylyl fragment) indeed results in an increase of the emission
uantum yield (Section 1.4.4.1) [87,162], as shown for the 3-Os large
hotosensitizer compared with 2-Os (see Fig. 8).

Interestingly, the fact that nitro-derivatization of TP+ basically
as virtually no additional impact per se on the low-temperature
mission properties of photosensitizers indicates that this electron-
ithdrawing group essentially tunes the electronic properties of

he TP+ fragment. This spatially limited electronic influence is fur-
her substantiated when comparing the electrochemical features
f 2-Os and 3-Os to those of nitro-derivatized related compounds
4-Os and 5-Os). The metal-centered redox potential remains vir-
ually the same for all four complexes (at ca. +0.93 V versus SCE)
hile the reduction potential of TP+ shows an anodic shift of

bout 0.28 V (from ca. −0.92 V to ca. −0.64 V versus SCE) for nitro-
ubstituted assemblies. This independence of the redox/electronic
eatures of two parts of the same molecular assembly is a hall-

ark of a supramolecular behavior for the nitro species (Section
.2.3). Although present, the large molecule behavior is dominated
y the supramolecular behavior within 4-Os and 5-Os, which can be
escribed as P1-(�1)-A1 dyads (Fig. 2). These assemblies are closely
oupled dyads of type (B), as defined in Section 1.2.3. Hence, the
P+ substituent also gets the status of a remote site (RS) with respect
o Ptpy1Aryl/Os, and the NO2 of TPH2(NO2)+ is the R2 substituent
f RS in Fig. 1. Room-temperature photophysical behavior of 4-Os
nd 5-Os are shown to be those of supermolecules, accordingly
see below) [115a]. Finally, because of the dual nature of compact
yads of type (B), analyzing properly the photophysical behavior of
-Os and 5-Os supermolecules goes through the use of 2-Os and
-Os large photosensitizers of type C (respectively) as the relevant
eferences instead of the 1-Os photosensitizer [115a].

In fluid solution at room temperature, emission quantum yields
f 4-Os and 5-Os dyads are roughly of the same order of mag-
itude that is, 9% and 2.6% of their respective Ptpy1Aryl,TPH3/Os
eference photosensitizers (2-Os and 3-Os). This quenching of the

uminescence arising from the 3MLCT state of *P1/Os components
pathway (1) in Fig. 4) is firstly ascribed to intervening intramolec-
lar photoinduced electron transfer (PET; pathway (3) in Fig. 4),

eading to the formation of P1+-(*�1)-A− charge-separated states
CSS). This explanation is further supported by favorable estimates

F
4
o
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f driving forces (exergonic ET reaction by ca. 0.13 eV on aver-
ge; Fig. 8). A striking point, however, is that in spite of similar
ow emission quantum yields at room temperature, 4-Os and 5-
s show sharply different emission lifetimes: 174 ns and less than
0 ns, respectively. To rationalize the surprisingly long emission
ifetime attached to 4-Os and further characterize various photoin-
uced processes occurring within 4-Os and 5-Os, ultrafast transient
bsorption experiments were carried out (Fig. 10).

Clearly, the more diagnostic spectroscopic domain is in the
IR, between 700 and 800 nm (Fig. 10). A feature shared by the
ig. 10. Selected ultrafast differential transient absorption spectra of 3-Os, (top),
-Os, (middle) and 5-Os (bottom). �exc. = 400 nm; deaerated MeCN solutions; first
bservation after 500 fs from pulse [115a].
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Fig. 11. Schematic energy diagram illustrating the photochemistry taking place
within 4-Os and 5-Os (see ref. [115b] for details). In 4-Os, energy equilibration (path
3EnT; keq) competes with charge separation (CS, path 3ET; kel). In 5-Os, reversible
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164]. This is the first direct evidence reported for planarization of
ryl decorations of a P0tpy/M core, as the preferential structural
elaxation of the lowest excited state into its thermalised confor-
ation, corresponding to the lowest thermally equilibrated excited

thexi) state.
With respect to 3-Os, ultrafast transient absorption spec-

roscopy reveals biphasic kinetics. First, there is the ultrafast
omponent attached to the planarization within Ptpy1aryl/Os. Then,
he spectroscopic features remain unchanged in the timescale
f the experiment (instrument limited to ca. 1000 ps), in agree-
ent with the decay derived from emission measurements: 191 ns

115a]. These are the photophysical characteristics of the 3-Os large
hotosensitizer (type C).

With respect to 5-Os, ultrafast transient absorption spec-
roscopy also reveals biphasic kinetics. The first ultrafast compo-
ent of ca. 2 ps (planarization) is followed by a slower decay of about
70 ps leading to the recovery of the ground state (Fig. 10), which

s also consistent with the emission lifetime estimated to be less
han 10 ns [115a]. This dramatically shortened emission lifetime as
ompared with reference 3-Os is straightforwardly explained by
ntervening photochemistry: namely the fast formation of a CS state
within ca. 10−9 s), which does not accumulate most likely because
f the peculiar influence of the nitro group [54,165].

With respect to 4-Os, ultrafast transient absorption spec-
roscopy in this case reveals triphasic kinetics. The first ultrafast
omponent (planarization) is followed by a slower decay of about
00 ps, which does not lead to the recovery of the ground state
Fig. 10), conversely to 5-Os. Then, the spectroscopic features
emain unchanged in the timescale of the experiment (ca. 1000 ps),
n accordance with the decay derived from emission measure-

ents: 174 ns [115a]. To explain the unexpected 400 ps process,
ntervening reversible energy transfer (equilibration) between
he 3MLCT thexi state (T1P) of the photosensitizer and a triplet
xcited state (T1A) located on the TP+ remote site, was pro-
osed. The existence and identity of such a T1A triplet were
ully established by carrying out a detailed computational study
f the series of complexes as well as low-temperature phos-
horescence measurements on proper nitro-derivatized model
cceptors 1,2,6-triphenyl-4-p-nitrophenyl-pyridinium (denoted
ph-TPH2(NO2)+]) and 1-m-xylyl-2,6-diphenyl-4-p-nitrophenyl-
yridinium (denoted [xy-TPH2(NO2)+]) [115b]. Indeed, it was
hown that there exists a T1A locally excited state (LES) located
n the nitrophenyl (NP) fragment embedded within TPH2(NO2)+

cceptor units of dyads, moreover virtually isoenergetic with the
1P triplet of the linked photosensitizers [115b]. The triplet located
n the remote site can play the role of an energy reservoir pro-
ided suitable kinetic and thermodynamic parameters are fitted
cf. Section 1.4.4.2). The point is that EnT (equilibration) is poten-
ially in competition with intercomponent ET (to TP+ as an electron
cceptor) as both processes involve the same 3MLCT state (T1P) of
he photosensitizer (Fig. 11). To summarize, the 400 ps decay was
ssigned to the equilibration time while the luminescence lifetime
ould be ascribed either (i) to the quenched lifetime of the equili-
rated state whose unquenched intrinsic lifetime would be rather

onger in this case, or (ii) to the lifetime of the equilibrated state
115a].

Given that thermodynamics for intercomponent PET and PEnT
rocesses are virtually the same within 4-Os and 5-Os, the rea-
on why ET (that is, charge separation) appears to dominate in
-Os while reversible EnT (that is, equilibration) dominates in 4-

s, at least at the early stage, remains to be clarified. It is known

hat torsional motions are correlated with fluctuations of the deter-
ining intercomponent electronic coupling when occurring within

losely coupled semi-rigid compact assemblies [114,166,167]. As
ighlighted above, the level of restriction of torsional motion about

d
s
c
m
f

eparation (path 3ET). In both cases, deactivation from the T1A triplet of excited
cceptor (path 4EnT) is much less efficient than decay from the T1P of photoexcited
(path 1), which is itself much less efficient than charge recombination (CR) from

he P+–A− charge-separated state (path 4ET).

1 impacts the intramolecular (here: intercomponent) electronic
oupling, which is smaller within constrained 5-Os dyad than within
he only restrained 4-Os dyad. As a matter of fact, the Dexter mech-
nism for electronic energy transfer (relying on orbital overlap and
orresponding to a double electron transfer), which is most likely
perative in the present case of closely coupled dyads (see Section
.2.3), is very sensitive to electronic coupling (and definitively more
han for ET). Hence, it can be foreseen that the EnT decay is slowed
own to a much larger extent than the ET on passing from 4-Os to 5-
s. In other words, whereas reversible EnT (equilibration process)

s still competitive in 4-Os, this is no longer the case in the 5-Os
onstrained dyad, which shows a weaker intercomponent elec-
ronic coupling because of its locked intramolecular geometrical
ecoupling.

Given that 4-Os and 5-Os are both P1-(�1)-A dyad super-
olecules, changing the level of restraint for torsional motion

ttached to “spacing” twist angle �1 that is, the mean electronic
oupling between P1 and A, is here changing the balance between
ompeting PET and PEnT intercomponent processes [168]. The
mission properties are switched accordingly from virtually non-
missive for Ptpy1 within 5-Os (due to dominating intramolecular
xidative quenching of *P and CSS formation) to increased emission
ifetime for 4-Os (due to intervening reversible electronic energy
ransfer that is, equilibration between the P-centered 3MLCT state
nd an A-centered triplet LES). The overall phenomenon is referred
o as the “conformational gating of photoinduced processes”.

. Conformational gating for molecular switching and
ensing

The point is that conformationally related large and supramolec-
lar species (Section 1.2.3) can show sharply different emission
roperties, as illustrated by case studies B and C (Sections 3 and
), so that implementation of conformational gating for optical
witching [45] or sensing [169] can be envisioned.

We distinguish between two cases relying on the conforma-
ional tuning of intramolecular electronic coupling: (i) the status
f the overall molecular assembly is switched from that of a

arge molecule to that of a supermolecule (and vice versa) upon
roperly changing intramolecular conformation about the deter-
ining linkage of a bipartite assembly (case of 1-bpy/1-phen) and

ii), the balance between two competing intramolecular photoin-

uced processes (namely PET and PEnT) within a closely coupled
upramolecular species is changed by modifying intramolecular
onformation (or the level of restriction of intramolecular torsional
otion about a key linkage; case of 4-Os/5-Os) and so the emission

eatures of the luminophore accordingly.
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ig. 12. Two possible implementations of the conformational gating for molecular s
r (b), using a remote site (RS) as a potential energy reservoir (bottom).

In principle, obtaining switchable light-emitting PMDs should
e possible by harnessing properly, with a mechanically active

inker (actuator), bipartite assemblies comprised of a luminophore
nd of a potentially interplaying remote site or �-extension. At
ne and the same time, the “smart linker” should interplay with
n external stimulus (whether chemical, redox, photonic, or other)
nd undergo a structural change (e.g. elongation/contraction) upon
nteracting with this trigger [47]. The aim is to mechanically control
he interaction between the two subunits by an external stimu-
us via a conformational modulation of intramolecular electronic
oupling. In the present case, potential applications are essentially
nvisioned for molecular sensors no longer relying on a change of
he emission intensity of the probe but rather on a change of its
mission lifetime, instead [170].

Two main principles are of interest here, based on the mon-
toring of an intramolecular conformation: (i) to change the
lectronic accessibility of a �-extending domain appended to a
oor luminophore (Fig. 12a) and (ii), to change the electronic avail-
bility of a remote energy reservoir (Fig. 12b). In both cases, the
onformational gating of the intramolecular electronic coupling
nd attached photoinduced processes is aimed essentially at chang-
ng the emission lifetime of the luminophoric probe.

. Conclusions

To summarize, the entity which absorbs light is not necessar-
ly the same as the one which re-emits light, even if there is no
ntervening “chemical” change but only transient conformational
hange(s). In other word, the ground-state species absorbing light
ay be – sharply – different from the excited-state luminophoric

pecies. These conformational changes can be photoinduced
resulting from intramolecular charge redistribution in the excited
tate) such as planarization, which eventually impacts the pho-
ophysical features of the luminophore. Vice versa, mechanically
hanging intramolecular conformation (e.g. the degree of a geo-
etrical decoupling or the level of restriction of a torsional motion)
an impact in its turn the electronic/photophysical/photochemical
ehavior of the photoactive molecules to a complete change of

ts electronic/photophysical status (supermolecule versus large
olecule) via a modification of intramolecular electronic coupling.

his interplay between structure (conformation) and photophysical
(or switching): (a) using a R1� substituent as a potential �-extending domain (top)

roperties can be turned to good account to design PMDs perfected
or molecular sensing or switching. As a matter of fact, the switch-
ng behavior performed on a conformational basis is preferably
chieved with compact, closely coupled, assemblies.
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P.P. Lainé et al. / Coordination Che

[23] (a) S. Descurtins, P. Gütlich, C.P. Köhler, H. Spiering, A. Hauser, Chem. Phys.
Lett. 105 (1984) 1;
(b) S. Decurtins, P. Gütlich, K.M. Hasselbach, A. Hauser, H. Spiering, Inorg.
Chem. 24 (1985) 2174;
(c) A. Hauser, Chem. Phys. Lett. 124 (1986) 543.

[24] N. Sutin, C. Creutz, J. Chem. Ed. 60 (1983) 809.
[25] V. Balzani, Tetrahedron 48 (1992) 10443.
[26] V. Balzani, F. Scandola, Supramolecular Photochemistry, Ellis Horwood, Chich-

ester, UK, 1991 (Chapter 12).
[27] V. Balzani, L. Moggi, F. Scandola, in: V. Balzani (Ed.), Supramolecular Pho-

tochemistry, D. Reidel Publishing Co., Dordrecht, The Netherlands, 1987, p.
1.

[28] For a recent review in the field, refer to V. Balzani, G. Bergamini, S. Campagna,
F. Puntoriero, Top. Curr. Chem. 280 (2007) 1.

[29] V. Balzani, A. Juris, Coord. Chem. Rev. 211 (2001) 97.
[30] T.J. Meyer, Pure Appl. Chem. 62 (1990) 1003.
[31] State-of-the-Art Symposium: Inorganic Photochemistry. Hoffman, M.Z. (ed.),

J. Chem. Ed. 60 (1983) (special issue).
[32] Concepts in Inorganic Photochemistry, A.W. Adamson, P.D. Fleischauer (eds.),

Wiley-Interscience, New-York, 1975.
[33] V. Balzani, V. Carassiti, Photochemistry of Coordination Compounds, Aca-

demic Press, London, 1970.
[34] J.-M. Lehn, Angew. Chem. Int. Ed. 29 (1990) 1304.
[35] T.J. Meyer, Acc. Chem. Res. 22 (1989) 163.
[36] V. Balzani, Photochem. Photobiol. Sci. 2 (2003) 459.
[37] W.R. Browne, N.M. O’Boyle, J.J. McGarvey, J.G. Vos, Chem. Soc. Rev. 34 (2005)

641.
[38] Th. Förster, Discuss. Faraday Soc. 27 (1959) 7.
[39] Flexibility of the linker sometimes makes intervening electron-exchange col-

lisional interactions possible (hereafter referred to as Dexter mechanism).
[40] D.L. Dexter, J. Chem. Phys. 21 (1953) 836.
[41] (a) K. Ohkubo, H. Kotani, J. Shao, Z. Ou, K.M. Kadish, G. Li, R.K. Pandey, M.

Fujitsuka, O. Ito, H. Imahori, S. Fukuzumi, Angew. Chem. Int. Ed. 43 (2004)
853;
(b) S. Fukuzumi, H. Kotani, K. Ohkubo, S. Ogo, N.V. Tkachenko, H. Lemmetyinen,
J. Am. Chem. Soc. 126 (2004) 1600.

[42] A. Harriman, Angew. Chem. Int. Ed. 43 (2004) 4985.
[43] J.W. Verhoeven, H.J. van Ramesdonk, M.M. Groeneveld, A.C. Benniston, A. Har-

riman, Chem. Phys. Chem. 6 (2005) 2251.
[44] A. Harriman, L.J. Mallon, G. Ulrich, R. Ziessel, Chem. Phys. Chem. 8 (2007) 1207.
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Inorg. Chem. Commun. 7 (2004) 337.

100] G.F. Strouse, J.R. Schoonover, R. Duesing, S. Boyde, W.E. Jones Jr., T.J. Meyer,
Inorg. Chem. 34 (1995) 473.

101] C. Goze, J.-C. Chambron, V. Heitz, D. Pomeranc, X.J. Salom-Roig, J.-P. Sauvage,
A. Farran Morales, F. Barigelletti, Eur. J. Inorg. Chem. (20) (2003) 3752.

102] With respect to−M substituents, the correlation between the modification of
� extension within the ligand and the strength of the ligand field can be illus-
trated by the ligand-driven light-induced spin change (LD-LISC) effect. Indeed,
subsequent to cis-to-trans photo-isomerization of the styryl decoration (−M)
of styryl-pyridine ligands of a properly designed high-spin iron(II) complex,
a metal-centered spin-crossover phenomenon (from high-spin to low-spin)
occurs. Such an effect can be straightforwardly ascribed to the strengthening
of the ligand field, which is accompanied by a greater splitting of d orbital
(�), therefore directly related to the lowering of the energy of the �* orbital
(LUMO) when intra-ligand conjugation becomes greater, see;
C. Roux, J. Zarembowitch, B. Gallois, T. Granier, R. Claude, Inorg. Chem. 33
(1994) 2273.

103] J.V. Caspar, E.M. Kober, B.P. Sullivan, T.J. Meyer, J. Am. Chem. Soc. 104 (1982)
630.

104] L. Hammarström, F. Barigelletti, L. Flamigni, M.T. Indelli, N. Armaroli, G.
Calogero, M. Guardigli, A. Sour, J.-P. Collin, J.-P. Sauvage, J. Phys. Chem. A 101
(1997) 9061.

105] J.A. Treadway, G.F. Strouse, R.R. Ruminski, T.J. Meyer, Inorg. Chem. 40 (2001)
4508.

106] S.M. Draper, D.J. Gregg, E.R. Schofield, W.R. Browne, M. Duati, J.G. Vos, P. Pas-
saniti, J. Am. Chem. Soc. 126 (2004) 8694.

107] P.A. Anderson, G.F. Strouse, J.A. Treadway, F.R. Keene, T.J. Meyer, Inorg. Chem.
33 (1994) 3863.

108] Y.-Q. Fang, N.J. Taylor, F. Laverdière, G.S. Hanan, F. Loiseau, F. Nastasi, S. Cam-
pagna, H. Nierengarten, E. Leize-Wagner, A. Van Dorsselaer, Inorg. Chem. 46
(2007) 2854.

109] E.A. Medlycott, G.S. Hanan, Chem. Soc. Rev. 34 (2005) 133.
[110] J. Wang, Y.-Q. Fang, L. Bourget-Merle, M.I.J. Polson, G.S. Hanan, A. Juris, F.

Loiseau, S. Campagna, Chem. Eur. J. 12 (2006) 8539.
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[115] (a) P.P. Lainé, F. Bedioui, F. Loiseau, C. Chiorboli, S. Campagna, J. Am. Chem. Soc.

128 (2006) 7510;
(b) P.P. Lainé, F. Loiseau, S. Campagna, I. Ciofini, C. Adamo, Inorg. Chem. 45
(2006) 5538;
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