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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(Il)-bisterpyridyl type) as both the photosensitizer and the primary light-triggered electron

donor, and of a substituted pyridinium group as the electron acceptor. Implementation of conformational
gating of photoinduced processes for molecular electronics or sensing devices is finally mentioned.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction to light-triggered structural changes within
coordination compounds

1.1. Background. Light absorption by coordination compounds of
the d-block

Absorbing a photon is not a negligible event at the molecu-
lar level, in particular in the case of chromophoric coordination
compounds based on transition metals of the d-block [1]. The
hybrid nature of metallo-organic complexes is likely to reduce their
chemical stability as compared, for instance, to chemical archi-
tectures relying on ¢ and 7 covalent bonds. The weakness of
light-absorbing inorganic chromophores resides first in the nature
of polar and dative metal-ligand coordination bonding. Secondly,
photon absorption is correlated to excited-state intramolecular
charge redistribution within the coordination sphere, which affects
more or less directly the coordination bonds. This electronic reor-
ganization can primarily involve either (i) the metal (M) and the
ligand(s) (L) for instance on occasion of charge transfer (CT) tran-
sitions whether metal-to-ligand (MLCT) or ligand-to-metal (LMCT)
and/or (ii) M-L bonds themselves on occasion of the population
of metal-centered (MC) ligand-field (LF) states (d-d transitions),
which have a destabilizing antibonding character and/or (iii) the
ligand only in the case of purely ligand-centered (LC) transitions.
Typically, given the same composition for the primary (first) coor-
dination sphere of a metal cation, the splitting of d orbitals (A)
originating from the ligand field increases with both the atomic
number and the oxidation state of the metal center. For instance, in
the case of a series of related complexes made up of a d® transition
metal embedded within the pseudo-octahedral field of oligopy-
ridyl ligands, the lowest-lying HOMO-LUMO electronic transition
changes from a MC nature (d(tp¢)— d(eg)) for iron(Il) to a MLCT
nature (d(tyg) — (L)) for both ruthenium(Il) and osmium(II), to
even purely LC transitions (1(L) — 7*(L)) for rhodium(IIl) and irid-
ium(Ill) ions [2-4]. As a consequence, divalent iron compounds
are poorly stable upon light excitation (ligand-field - LF - pho-
tochemistry) while trivalent Rh and Ir complexes should be the
most stable complexes of the series [5] as M-L bonds are not firstly
affected by photoinduced charge redistribution (ligand-centered -
LC - photochemistry). The same issues also hold for organometallic
compounds [6].

1.1.1. Photoinduced structural changes within the chromophoric
core (P0)

Structural relaxation processes (nuclear motion) take place
[7] subsequent to light-energy absorption (vibronic transition)
correlated with intramolecular redistribution of electron density
to prepare the so-called Franck-Condon (F-C) initial state. The
resulting sizable changes of the intramolecular geometry are also
accompanied by a reorganization of surrounding medium such as
solvent molecule repolarization. In general, electronic energy cas-
cades downward very rapidly (femtosecond-picosecond timescale)
from the F-C state, between various closely lying and vibrationally

relaxed electronic levels within the excited-states manifold of the
photoexcited compound. The lowest-lying electronic excited state
(ES) is ultimately populated before the ground state (GS) is finally
recovered. The return to the GS can occur via radiative and non-
radiative transitions, whether by spin-allowed internal conversion
(ic) or by spin-forbidden intersystem crossing (isc) processes. It
is worth bearing in mind, however, that luminescent coordination
compounds are only a minority. According to the rule put into
words by Demas and Crosby [8] (analogous to the rule established
by Kasha [9] for organic luminophores): in the absence of pho-
tochemistry from upper excited states, emission will occur from
the lowest electronic excited state (general case) or from those
states that can achieve a significant Boltzmann population rela-
tive to the lowest excited state. When the energy gap between the
GS and lowest ES is too small, radiative deactivation pathway is
no longer competitive with radiationless processes and the com-
pound is non-luminescent. This is actually the reason why inorganic
luminophores are normally not emissive in the IR domain and also
the qualitative substance of the so-called “energy gap law” (the
lower the emission energy the lower the emission quantum yield).
The lowest-lying electronic excited state shows the longest lifetime
and is the most completely thermalised that is, relaxed, including
its environment. The lifetime of the lowest thermally equilibrated
excited (thexi) state [10] is long enough to undergo large struc-
tural changes [7,11], contrary to other higher-lying excited states. All
in all, the range of structural impacts subsequent to photoinduced
electron density redistribution is very wide for chromophoric coor-
dination 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(Il) [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-Ogpso t0 RU-Symso
photo-isomerisation within the [(tpy)(bpy)Ru(dmso)]?** 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),|* 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)z)]2* [24]).

Noteworthy, large structural rearrangements are also efficient
non-radiative pathways of deactivation; therefore, good inor-
ganic luminophores are essentially rigid complexes of the latter
class.
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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, R!? are those substituents
(R") of the chromophoric/luminophoric core (P0) showing a conformational (6)
degree of freedom (e.g. R'? =aryl). Here, RS can be an acceptor group (A). TPH3*,
TPH(R?),* and PyPh* refer to native 2,4,6-triphenyl-pyridinium (Figs. 7 and 8),
R?-substituted TP* (R? =NO,; Fig. 8) and 4-phenyl-pyridinium (Fig. 7), respectively.
(Bottom) Illustrative case of a compact semi-rigid assembly (cf. Section 1.4.4). The
[Ru(tpy)2]** complex is the PO core, pyrimidinyl decorations (prmd) are R!¢ sub-
stituents 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 (Ag).

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

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

1.1.2. Photoinduced structural changes around the chromophoric
core (P1)

As a matter of fact, the actual electronic expanse of a chro-
mophoric (and possibly luminophoric) species can extend beyond
the “first” (inner) coordination sphere of the metal ion that is, the
core PO (Fig. 1). Indeed, peripheral decorations (R!/R!?) of the pri-
mary ligands encompassed in P1 (Fig. 1) are also involved. These
extensions (R) can have a persistent electronic influence on the
chromophoric features that is, on direct optical electronic transi-
tions attached to photon absorption (case of electron-releasing and

electron-withdrawing groups whether inductive or mesomeric; R!
in Fig. 1). Also, they can have a delayed electronic influence, which
is essentially revealed by the luminophoric features, when these
decorations get involved in structural rearrangements subsequent
to photoinduced charge redistributions (like those of MLCT charac-
ter). Potentially m-extending groups are typically those molecular
fragments involved in structure variations in the excited state
such as conformational change about twist angle 8 (R'? in Fig. 1).
Hence, chromophores can have different electronic identities in
the ground state and in the excited state, where they are actually
operative as potential luminophores [10]. Getting a clear picture
of the very nature of thexi states of chromophoric/luminophoric
coordination compounds -including the impact of structural rear-
rangement of peripheral decorations - can facilitate their use as
functional elements (typically: photosensitizers, P) within smart
photoactive molecular assemblies. This knowledge is all the more
desirable as m-extending substituents can also play the role of con-
nectors 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 (8) about the inor-
ganic core of the photosensitizer on occasion of excited-state charge
redistribution can play a determining role: from possibly impacting
the luminophoric behavior of the P itself, up to gate photoin-
duced processes occurring within supermolecular assemblies in
the excited-state.

1.2. Background. Using complex photosensitizers (P) within
photochemical molecular devices (PMDs)

Balzani et al. introduced the paradigm of photochemical molec-
ular devices (PMDs) two decades ago, with the aim of using light
to trigger, monitor and fuel specific activities at the molecular
level. The conceptual corpus perfected on purpose, supramolecular
photochemistry [25-28], combines the backgrounds of inorganic
photochemistry [29-33] and supramolecular chemistry [34]. Since
the beginning, coordination compounds have played a central role
as choice photosensitizers even if purely organic dye molecules
may also be involved - as such - in the field [27,35]. On the one
hand, photosensitizers (P) are used for interfacing intramolecular
medium with the outside world, essentially operating in absorption
for the input of light (tunable absorption energies and large absorp-
tion cross-sections are therefore desirable). Also, they often work
in emission when light is viewed as an output, or simply because
analysis of emitted light can be informative on the effectiveness of
the photoinduced processes occurring at the intramolecular level
[3]. On the other hand, P elements are also active functional compo-
nents to initiate intramolecular electron (ET) and/or energy (EnT)
transfers.

1.2.1. Transition metal complexes as photosensitizers (P)

In this context, transition metal complexes are appealing
because of the unique richness of their electronic properties (chro-
mophoric function for light absorption) as well as photophysical
and photochemical behaviors, in particular with respect to photo-
redox activity. Basically, these features are closely related to the
hybrid nature of complexes, including the often-dominating spe-
cific MLCT character and intervening spin-orbit coupling attached
to the presence of metal cations with large atomic numbers (heavy-
atom effect). Mixed organic-inorganic nature of complexes also
facilitates interaction with light by allowing the fine-tuning of elec-
tronic properties according to a modular approach relying on the
proper choice of both the metal ions and the ligands partners.
M/L ingredients can be changed to customize absorption proper-
ties as well as to adjust the energy of the lowest-lying excited
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level (potentially reflected by the emission energy), which deter-
mines the efficiency of intramolecular photoinduced processes. But
richness is often correlated with complexity. Once again, knowing
excited-state structural changes about the primary coordination
sphere (PO core) likely to impact the photophysical features of the
lowest thexi state of an inorganic P element (e.g. P1 in Fig. 1) and
consequently its photochemical behavior within functional assem-
blies, is a prerequisite to successfully design PMDs and correctly
interpret photophysical outcomes.

1.2.2. Inorganic PMDs for artificial photosynthesis

It is noteworthy that PMDs are in principle particularly well
suited for performing artificial photosynthesis [36]. Functional
modeling of the key photoinduced charge separation actually inte-
grates the function of light harvesting (antenna system) and that of
transducer for the conversion of light-energy into redox-energy,
towards the preparation of charge separated (CS) or redox sep-
arated [30] states. Interestingly, charge transfer (CT) transitions
within coordination compounds are the smallest photoinduced
charge-separation processes one may think of, and that is regard-
less of the very nature of the resulting states: metal-to-ligand,
ligand-to-metal or ligand-to-ligand (LLCT, including intra-ligand
processes, ILCT). For instance, coordination compounds can behave
as light-triggered reducing electron donors (via L~) and oxidizing
electron acceptors (via M*) when photo-promoted in their MLCT
states [3]. Moreover, electronic energy itself can also be donated
by the photo-excited complexes that is, the neutral electron-hole
pair of exciton quasiparticle can be transferred to energy accep-
tors. In other words, inorganic complexes are potentially suitable
to photo-initiate intramolecular ET and EnT in addition to harvest-
ing light for functional assemblies. Therefore, they can play the
role of photosensitizers (P) within PMDs, especially for artificial
photosynthesis.

Clearly, the spatial confinement of the excited state (for MLCT
excited state, a sort of redox pair) within the photosensitizer
P (whether PO or P1; Fig. 1) is connected to relatively short
lifetime, while long “excited-state” (for excited state we here
consider also charge separated states) lifetimes are needed to
complete targeted light-to-chemical ultimate energy conversion.
Hence, inspired by nature, increasing CS states lifetimes generally
goes through the electrostatic decoupling of excitonic - Coulomb-
correlated - electron-hole pairs, by further increasing their spatial
separation. A widespread approach to this goal consists in gather-
ing redox-active components (electron acceptors, A and donors, D)
about the photosensitizer (the primary electron donor/acceptor) to
attract the electron (located on L~) and fill the associated hole (the
vacancy located on M*) by intramolecular ET. Using linkers (1k) to
assemble various P, A and D elements is the way around hardly con-
trollable diffusional (intermolecular) processes, and also a means
to speed up the forward separation of the charges. Space and time
monitoring of intramolecular processes is an underlying require-
ment to successfully achieve directional and sequential transfers
whether of electrons or of electronic energy. Therefore, attached
to the spatial layout of energy gradients (embodied by various
electro-active subunits) within supramolecular architectures is the
notion of localized descriptions. Then, the status of intercompo-
nent electronic coupling supported by linkers becomes central [37].
Keeping a definite electronic identity (including redox potentials
and key excited-states levels) for each functional component within
the overall array is mandatory to make possible their synergistic
work. Indeed, precepts of supramolecular - inorganic — photochem-
istry, as implemented to design photochemical molecular devices
(PMDs) [25-27], rely on conveniently weak electronic coupling of
functional subunits. Such functional assemblies are usually referred
to as supermolecules.

Delocalized description Localized description

“P-A  LES(P)

hv hv P~A*
*(P-~A) <«——— P-A —»

LES (A)

® e
P~A Css

Large molecule : PA Supermolecule : P~A

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
separated state (CSS) formation from oxidative quenching (ET) of *P by A. The
linker (~) can either be a polyatomic molecular fragment or a single bond

).

1.2.3. Large chromophoric molecules versus photosensitized
supermolecules (PMDs). The role of conformation within
semi-rigid assemblies

In the representative “simple” case of a two-component
molecule (Fig. 1), the status of the “remote site” (RS), as such, is
attached to a localized description of the assembly (Fig. 2). The sta-
tus of RS is indeed determined by both its intrinsic features with
respect to those of P (actually *P) and the strength of the electronic
coupling (interaction) mediated by the linker (1k). Hence, structural
changes concerning the linker, such as conformational fluctua-
tions, are likely to impact both the nature (electronic identity) of
connected components and the development of intercomponent
photoinduced processes.

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

- Inthe 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-(1k)-RS array. The spacer (Ik, 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 Forster 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 (Forster 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
the local molecular structure about the intercomponent linkage
is semi-rigid, the electronic interplay between functional subunits
can be modulated, in principle continuously, by a single torsion
angle (), functioning “as the linker” (“~”=(#)). This particular
situation may give a unique opportunity to address the question
of the upper limit of intramolecular electronic coupling (possi-
bly related to a critical value of 6) above which “supermolecular”
behavior (denoted as P-(#)-RS) is switched to “large molecule”
behavior (denoted as P(#)RS) that is, when the relevance of a local-
ized description (Fig. 2) of photoinduced events actually vanishes
for a given intramolecular context. This point is of importance
since (1) conformational changes can occur in the excited state
upon charge redistribution and (2), achieving long-lived CS state
formation (normally proper to supermolecules) within closely cou-
pled assemblies has recently emerged as a challenge in the field of
artificial photosynthesis [41-45]. The very nature of photoinduced
phenomena taking place within electronically closely coupled and
spatially compact molecules is also of basic interest, including for
the related field of molecular electronics and also for the switching
effect at the molecular scale.

1.3. Background. Focusing on planarization versus twisting as
preferential photoinduced structural relaxation of photosensitized
semi-rigid assemblies

From a general viewpoint, besides usual structure fluctuations
(including torsional motions) attached to surrounding thermal
bath, one can identify two types of structural changes within semi-
rigid molecules, which are classified as a function of the nature
of their ultimate trigger. (1) The ultimate trigger is internal, as is
typically the case for structure relaxation subsequent to intramolec-
ular electron density redistribution, regardless of the nature of the
primary - external - trigger for the charge redistribution itself
(whether light or other); (2) the ultimate trigger is external, as is the
case for structure change upon applying a mechanical constraint
at the molecular level whether resulting from a chemical pertur-

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

In the field of organic photophysics and photochemistry, there
are many reports on molecules showing a substantial structure
relaxation subsequent to - photoinduced - charge redistribution
at the intramolecular level. Arguably the most studied is the text-
book case of the so-called twisted intramolecular CT (TICT effect),
occurring within compact donor-acceptor molecules upon light
excitation [48]. In the benchmark example of DMABN, the D (N,N-
dimethylamino) and A (benzonitrile) subsystems are linked by a
single bond and molecular geometry adapt to the change of the
intramolecular distribution of electron density by adopting a per-
pendicular conformation (twist between the planes of D* and A-,
0~90°) in the lowest thexi state (in polar solvents) while the
molecule is roughly coplanar (8~ 0°) in the neutral GS [48].

On the other hand, it is well established that the canted rings
of oligophenylene-like molecules in their (neutral) native form
become coplanar when these semi-rigid assemblies are reduced
[49,50], oxidized [51,52] or photoexcited [53], as a result of an
emerging quinoid pattern. In other words, the planarization of the
architecture is, in this case, the preferential mode of structure relax-
ation.

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

In the case of the MLCT excited-state reactivity of interest here,
the electron donor is primarily the metal cation (M) embedded
within the PO core of the photosensitizer and the primary electron
acceptors are the ligands (L) also forming P0O. Hence, the only possi-
ble structural adaptation to electron density redistribution within
these made-in-one-piece robust chromophoric coordination com-
pounds is via slight variations of M-L bond-lengths and bite angles
(see Section 1.1.1), conversely to TICT species. Dominating reac-
tivity is that of reduced organic part of the inorganic assembly
comprised of primary ligand(s) and decoration(s) or extension(s).
Indeed, MLCT electronic transitions (and possibly ensued CS pro-
cesses) are widely recognized as light-triggered intramolecular
redox reactions where the metal center is oxidized while ligands
(and possibly their extensions) are reduced [11,54]. Therefore, pla-
narization [55] (versus twisting) is anticipated to be the preferential
pathway for structure relaxation of semi-rigid inorganic assemblies
(whether P-(0)-RS supermolecules or P(#)RS large molecules) in
their lowest thexi state.

Actually, whether twisting (increasing 6) or planarization
(decreasing 0), the very nature of light-triggered torsional motions
is closely dependent on the topological features of active molec-
ular orbitals (MOs). The MOs to be filled or emptied are indeed
characterized by bonding or antibonding contributions about
key interannular linkages. For instance, the quinoid pattern of
the LUMO of oligophenylene molecule largely accounts for the
structural planarization upon reduction. More precisely, structure
relaxation subsequent to charge redistribution is the average result
of weighted contributions originating from various MOs popu-
lated and depopulated on occasion of net charge redistribution
[56].

1.4. Background. Ru(Il) and Os(1l) polypyridyl complexes as the
photosensitizers of compact semi-rigid architectures

To properly assess the aforementioned basic issues, both the
P functional element and its surrounding intramolecular medium
must be determined.
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1.4.1. Features of the lowest thexi state of the photosensitizers

On the one hand, luminescence is basically not required as such
for the photosensitizer P to successfully achieve its dual function
(light absorption and primary electron donor/acceptor) [57] that
is, for PMDs specifically designed for photoinduced charge separa-
tion. Therefore, any MLCT state is in principle suitable to initiate
intramolecular ET, regardless of its spin multiplicity. It remains
nonetheless that, to allow intramolecular photochemistry to fully
develop from MLCT states, long-lived excited-state(s) are preferred
to the short-lived ones, hence the pivotal role of the lowest thexi
state (see also Section 1.1.1). The spin-forbidden nature of the elec-
tronic transition from the MLCT excited state to the ground state
is therefore highly desirable to prolong the lifetime of the lowest
thexi state.

On the other hand, luminescence is arequired property for other
types of PMDs designed for the related field of sensing devices and
molecular electronics/photonics, in particular for advanced proto-
types intending to process photons as inputs and/or outputs. For
instance, to get around detrimental environmental background of
natural luminescence, increased emission lifetime of the P com-
ponent of sensor PMDs is usually preferred to enhanced emission
intensity. Thus, once again, phosphorescence is preferred to fluo-
rescence.

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

Brought together, these issues indicate that the suitable lowest
thexi state of P for PMDs intended for either artificial photo-
synthesis or molecular sensing applications should have a spin
multiplicity different from that of the ground state, and giving rise
to phosphorescence when emissive. Typically, in the case of closed-
shell transition metal complexes showing a diamagnetic ground
state (singlet state), as is the case of d5 metals embedded within
a strong ligand field of (pseudo)octahedral symmetry, the lowest
thexi state is a triplet MLCT (3MLCT).

1.4.2. Absorbing light in the visible-NIR range (artificial
photosynthesis purposes)

Under favorable conditions (roughly speaking: a sunny day
at noon and at sea level), typical solar spectral irradiance
(Wm~2nm~1) on the Earth is distributed as follows: near-UV: 5%
(UV radiation is largely filtered by the atmosphere [58]), visible
(400nm <A <700nm): 43% and IR: 52% [59]. On the other hand,
far-infrared radiation is not useful, as it cannot induce electronic
transitions (see also Section 1.1.1). Therefore, quantum conver-
sion of solar energy relying on at least a primary photochemical
process requires photosensitizers absorbing light essentially in
the visible and near-IR domains. It is also noteworthy that this
range of energy is indeed compatible with the achievement of
chemical reactions of interest for energy storage [58,59] so that
sunlight is worth harvesting. In this context, arguably the most
fascinating process is the splitting of water molecules into molecu-
lar dihydrogen and dioxygen (H,O0=H; +1/20,) [60]. Water does
not absorb solar radiation hence oxidation-reduction reactions
involved in the splitting process need to be photosensitized. The
free energy of this benchmark process is 1.23 eV, corresponding
to a photon at a wavelength of 1008 nm. Actually, this value for-
mally translates as the minimum energy gap between the lowest
thexi state (responsible for the photochemistry) and the ground
state (that is, the threshold energy for water splitting [61-63]),
provided that excited-state redox potentials of the photosensitizer
lie properly with respect to water oxidation and proton reduction
[30,62,64].
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Fig. 3. Simplified scheme based on the relevant levels and processes accounting
for both electronic absorption (hvy, hv,) of P and photophysical (1 and 2) versus
photochemical (3) behavior arising from the pivotal 2ES (3MLCT lowest thexi state)
of *P: (1) isc radiative (R) decay (phosphorescence, hv’) plus non-radiative (NR) isc
deactivation (wavy line) and (3) photochemistry including PET and PEnT processes;
(<>): interplay of the 3MLCT with the 3MC level via thermally activated internal
conversion (ic) and subsequent radiationless isc (2) to the GS. Effects of intervening
excited-state relaxations are omitted for clarity.

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

1.4.3. Selecting Ru(II) and Os(1l) polypyridyl complexes as the
photosensitizers

Over the years, in the field of inorganic photophysics and
photochemistry, polypyridyl complexes of d® transition metals,
in particular tris(diimine) and bis(triimine) compounds, have
emerged as the most appealing and popular photosensitizers
[29,54,66]. Among them, there are Rh(IIl) [67] and Ir(Ill) [68]
polypyridyl complexes; unfortunately, these are barely colored
(essentially UV-absorbing chromophores; Section 1.1) and their
photochemistry is dominated by LC transitions. Hence, they do
not fulfill the afore-identified requirements. With respect to Re(I)
complexes, they are often mixed polyimine-carbonyl derivatives
classified among organometallic rather than coordination com-
pounds. Even if their electronic, photophysical and photochemical
behavior is rich and to various extent based on an MLCT reactivity
[69], they will not be further discussed here, as they usually absorb
light essentially in the near-UV/near-visible domain (A <450 nm).
Finally, Ru(II) [70] and Os(II) [71] polypyridyl complexes are more
suitable because of the proper balance they show between (1) large
absorption cross-section (¢ >10*M~1cm~1) in the visible range
[72] (with possible extension towards NIR for Os-based species,
thanks to partly allowed 3MLCT transitions [73] as a result of large
spin-orbit coupling) and (2) stability towards light irradiation. Of
importance, also, intersystem crossing (isc) between the lowest
IMLCT state (Sq) and the 3MLCT lowest thexi state (T; ) is very rapid
(femtosecond timescale) [11] and highly efficient (D~ 1) [74].
This quantitative conversion of S; into T; gives to the lowest thexi
state of these polyimine complexes its pivotal role even though this
role also depends on an upper-lying state of the same spin multi-
plicity (triplet) but of different nature (MC), namely the thermally
accessible ligand-field (dd) state 3[(d)>(do™*)!].

1.4.4. On the complexity of tuning excited-state properties of
Ru(II) and Os(1l) polypyridyl complexes

Photoinduced processes attached to Ru(Il) and Os(II) polyimine
photosensitizers are summarized in Fig. 3. Noteworthy, photo-
chemistry (pathway 3) usually occurs to the detriment of emission
(pathway 1). Similarly, populating the 3MC state, which undergoes
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highly efficient radiationless deactivation to the GS (pathway 2)
[54], bypasses pathway (1). Hence, analysis of the luminescence of
P-containing molecular assemblies is a valuable means to obtain
information on the effectiveness of intramolecular photoinduced
processes. To what extent these processes (paths 1, 2 and 3) can
be tuned (gated) by conformational parameters is the question
addressed in the present review, which is essentially assessed on
the bases of photophysical issues.

P is potentially an electron donor/acceptor (for charge separa-
tion) and an electronic energy donor (for electronic energy transfer)
by virtue of its lowest-lying 3MLCT state (T ). There are three main
strategies which may be used to tune the photophysical and photo-
chemical features of P. On the one hand, adjusting the 3MLCT-3MC
energy gap (parameter a) and modifying intrinsic features of the
3MLCT level by playing on the extent of intraligand electronic delo-
calization (parameter b) are the usual means to control the lifetime
of the lowest thexi state. On the other hand, adjusting the energy
of T; normally goes through changing the 3MLCT-GS energy gap
(parameter c). The point is that all three parameters (a, b and c) are
more or less interrelated so they cannot be varied independently.
Changing any of the first two parameters (a and b) also impacts the
3MLCT-GS energy gap (parameter c) and vice versa. There exists
however a fourth and recently perfected approach (parameter d)
[75] worthwhile to be outlined. This is distinguishable from the first
three in that pathway (1) is regulated by reversible energy transfer
(equilibration) via pathway (3) [76] without perturbing any of the
key energy gaps (parameters a and c¢) of P (supermolecular behavior
of type (A) in Section 1.2.3) [77]. This sophisticated strategy aiming
atincreasing the lifetime of T; [78] relies on the use of a remote site
appended 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
of tuning the excited-state features of P is somewhat alleviated
by the synthetic versatility of Ru(Il) and Os(II) polypyridyl com-
plexes, which actually largely stems from their kinetic inertness as
compared with similar, but labile, iron(Il) compounds, subject to
ligand redistribution in solution [80]. This valued chemical stabil-
ity allows one designing bis- and even tris-heteroleptic compounds
[81]. Various approaches aiming at manipulating the properties of
MLCT excited states (and especially the lifetime of T; ) are well doc-
umented [77,82-89]. They can be categorized into coarse-tuning
those modifications concerning the core of P (that is, PO; Fig. 1),
and fine-tuning, those adjustments concerning the decoration layer
of PO (encompassed in P1) as well as the RS when present (case of
approach based on parameter d).

1.4.4.1. Coarse- and fine-tuning of excited-state properties of Ru(Il)
and Os(Il) polypyridyl complexes. Whether working in the absorp-
tion or emission regime (attached to excited-state behavior),
basically the same types of states (MLCT and MC) are involved.
Therefore, it is not surprising that the tuning of electronic features
of Pasachromophore [89,90] or aluminophore [83,84] relies on vir-
tually the same principles. For instance, increasing the ligand field
increases the energy gap between the [(t,4)%(eg)°] singlet state
(corresponding to the GS, So) and the 25" (t,4)3(eg)! ] excited “dd”
states (also denoted as @S*D[(d)>(do*)! ], whether '[(t2)°(eg)! ] or
3[(t2g)°(eg)'] referred to as 'MC (S;) and 3MC (T») levels, respec-
tively; Fig. 3). Similarly, lowering the energy of the LUMO (here a 7*
orbital of the electron-accepting ligand) decreases the energy of the
corresponding MLCT states (whether 'MLCT or 3MLCT), revealed
by a bathochromic shift of the absorption band (!MLCT state for-
mation) and a red-shifted emission band (originating from the
3MLCT state). In the following, we essentially focus on the tuning
of excited states features as photoinduced processes are of main
interest here.

The coarse-tuning is primarily concerned with the strength of
the ligand field (represented by the d orbitals splitting, A =10Dq)
and is obviously directly related to the composition of PO (including
M and L). Photoinduced ligand dissociation speaks for the promi-
nent contribution of the ligand field. Although usually neglected,
however, Ru(Il)-polypyridyl complexes suffer slight photodecom-
position when potentially coordinating counter-anions are present
in solution [91-94]. This detrimental ligand dissociation [95] is
ascribed to thermal population of the upper lying T, level (MC)
from T; [54]; this is the reason why osmium-based analogues, fea-
turing a ca. 30% larger ligand field, are virtually not concerned by
photolabilization [2]. Actually, given a formal common composi-
tion for the PO, /M core (see nomenclature in Fig. 1), for instance
a ruthenium(Il) complex comprised of six pyridine rings (whether
py, bpy, tpy, higher oligo-py, other py-based ligands), A is closely
related to the inner symmetry of the coordination sphere and the
presence of strains about the metal center related to four-/five-
membered chelate rings (resulting in M-L bond elongation and
bite angle deformations). Thus, A decreases on deviating from
ideal Oh symmetry: being larger for the D3, [Ru(bpy)3]?* species
(denoted POppy/Ru) than for the trans-meridional D,q [Ru(tpy); 1%
complex (denoted PO,y /Ru). Basically, this change of A and con-
sequently the thermal accessibility of the 3MC state explains
the poor room-temperature photophysical properties of the bis-
terpyridyl complex (almost non-luminescent) as compared with
the tris-bipyridyl one (nicely phosphorescent) [54]. On this basis,
introducing strains in the close vicinity of the transition metal
(including playing on inter-ligand steric hindrance) allows one to
make the ligand field conveniently weak on-purpose to switch the
magnetic properties of the polyimine complexes from the usual dia-
magnetic low-spin state (S=0) to the rare high-spin state (S=2)[96]
or to favor photoinduced ligand ejection, turned to good account to
build light-driven molecular machines or muscles [97]. Conversely,
optimizing the coordinating pattern of polydentate ligands so as to
minimize inner-PO strains (e.g. by arranging six-membered chelate
rings and hence increase A) is a means to dramatically improve the
photophysical features of luminophores with respect to the lifetime
of the lowest thexi state (T;). This strategy has been success-
fully applied to obtain photosensitizers combining the appealing
structural features of rod-like [98] pseudo trans-meridional bis-
triimine complexes [Ru(L,)]%* (L=2,6-bis(8'-quinolinyl)-pyridine:
a tpy-like ligand) with great photophysical properties similar to
those of reference tris-diimine complexes represented by archety-
pal [Ru(bpy)s]?* [99]. Last, it is worth noting that, besides gaining in
chemical stability and also possibly in -delocalization (see below)
[87,100], the rigidity provided by the use of oligo-[n]dentate lig-
ands (instead of n monodentate ligands) also greatly contributes
to the photophysical improvement of PO by reducing the weight of
non-radiative decay from Ty (Fig. 3), including by cage-like effects
[101].

Once the basic PO/M motif has been selected, fine-tuning comes
into play to customize electronic properties of P in the form
of the P1/M derived family (Fig. 1). Roughly, for the R! type of
decorations (Fig. 1) whether of purely inductive character (+I)
or of mixed inductive (£I) - mesomeric (M) nature, electron-
donating substituents (+I/M) are more destabilizing for the MC
ground state that is, the filled metal (dm)® orbital (HOMO), than
for the lowest-lying empty 7* orbital of L (LUMO). On the other
hand, electron-withdrawing substituents (—I/M) are more stabiliz-
ing for the 7* orbital of L than for the MC ground state [84]. In
other words, both types of substituents contribute to decrease the
IMLCT-GS energy gap, thus leading to a bathochromic shift of the
MLCT absorption band(s) as compared with reference parent P0. As
a consequence, emission is red-shifted accordingly. Moreover, het-
eroleptic compounds related to the same PO core and carrying both
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electron-accepting and electron-donating R! substituents always
absorb and emit photons at lower energy than parent reference
homoleptic complexes (P0) due to cumulated electronic effects of
the two types of decorations (namely lowered energy of the LC
7* orbital (LUMO) by the acceptor and energy-destabilized d(1r)
MC HOMO by the donor) [84]. There exists however a basic dif-
ference between electron-donating and electron-withdrawing R!
substituents when referring to the strength of the ligand field. On
the one hand, taking the bare PO parent as the reference, electron-
accepting substituents further diminish inter-electronic repulsion
within the filled d() orbitals (greater nephelauxetic effect), thus
stabilizing this component and increasing the ligand field splitting
of the d orbitals (A) [102], and thereby enlarging the 3MLCT-3MC
gap (parameter a). On the contrary, electron-donating substituents
contribute to increase inter-electronic repulsion within filled d(r)
orbitals of the HOMO (weakened nephelauxetic effect as compared
with that effective within native P0), which is energy-destabilized
accordingly, hence the correlated reductions of both A and the
3MLCT-3MC gap (parameter a). Therefore, depending on the bal-
ance between detrimental effects of energy gap law (reduced
3MLCT-GS gap (parameter c)) and beneficial contribution of
reduced thermal accessibility of dd states (3MC) from Ty (enlarged
3MLCT-3MC gap (parameter a)), electron-accepting R! decorations
do not systematically result in the shortening of the key lifetime
of T1, conversely to electron-donating groups. Generally, depend-
ing on whether the weight of the radiationless decay via the dd
pathway is low or high for a given PO core that is, whether PO is
basically a good (e.g. POppy) or a poor (e.g. POgyy) luminophore,
the red-shifted emission of the derived P1 series of photosensi-
tizers obtained by the decoration of PO will be respectively more
[30,88,89,103] or less [84] sensitive to energy gap law.

Regarding the extension of the lifetime of the T; MLCT excited-
state, one of the most efficient fine-tuning method consists of
arranging increased electron delocalization over the acceptor
ligand by extending its conjugated w-bonding framework (afore-
mentioned strategy based on parameter b) [87,100,104]. Basically,
this approach is aimed at averaging structural distortions (AQe)
attached to the presence of photo-promoted electron on the lig-
and by increasing the number of m-bonds mobilized to support
this electron. The difference in the equilibrium displacement (AQe)
between the lowest thexi state (T;) and the ground state (Sp),
is therefore minimized and so is the magnitude of the vibra-
tional overlap between T; and Sp. Related to this latter integral
(Franck-Condon factor), the rate constant for non-radiative decay
(knr) of Ty is decreased accordingly and the lifetime of Ty is thus
increased.

Together with increased rigidity of the ligand framework (often
attached to the design of “large-surface ligand”), which also
results in a decrease of kyr following the minimized change
in the AQ. between T; and Sy [87,100,104], the “delocaliza-
tion strategy” (parameter b) has been successfully applied to
circumvent the detrimental effects of the energy gap law for
NIR emitters [83,105,106]. Moreover, when appropriately combin-
ing their electron-donating and withdrawing decorations [83,89],
ruthenium and osmium complexes of these polypyridyl-based
(or derived) large-surface ligands are often choice candidates as
panchromatic dyes (colloquially known as black absorbers [107]).

Anotherillustrative implementation of the “delocalization strat-
egy” concerns the lifetime improvement of the lowest thexi state
of trans-meridional bis-triimine complexes of ruthenium(II) (rep-
resented by [Ru(tpy);]?*, denoted POy /Ru), which are of pivotal
interest to build linear PMD arrays meant to photo-produce long-
lived charge-separated states [80,86]. This important issue has been
subject, 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

substituent at the 4’-position of tpy to expand the m-framework of
the tridentate ligand (see Section 2), Hanan and co-workers have
proposed to exploit the sterically less demanding 2-pyrimidinyl
(prmd) ring [108,109]. In doing so, two fine-tuning parameters are
actually changed:

(i) The m-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 PO,y core) and the
dangling pyrimidinyl ring. The tpy and prmd moieties (with
attached dihedral angle 6g) are then allowed to lie in an almost
coplanar fashion in the ground state, as demonstrated by X-ray
diffraction: 6y < 10° [108,110] versus ca. 25° on the average for
phenyl-substituted tpy analogues [111].

(ii) The m-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 resultin a significant improvement
of the photophysical features of the PO,y /Ru luminophore when
embedded within the [(tpy)Ru(tpy-prmd)]?* complex (denoted
POy (09)P™4/Ru with prmd as a R'? substituent of the core POypy,
also labeled as Ptpyll"'“‘d/Ru; cf. Fig. 1). Typically, the emission
lifetime is multiplied by a factor of 30, increasing from 0.25 to 8 ns.

1.4.4.2. When conformational modulation of excited-state properties
of Ru(Il) and Os(Il) polypyridyl complexes comes into play. Particu-
lar attention deserves to be paid to those substituents having a
mesomeric electron-accepting character (usually denoted as -M)
such as conjugated aryl groups showing a conformational degree
of freedom (0) (R in Fig. 1), in contrast to other m-extending R!
substituents like nitrile or ethynyl fragments, which display sym-
metry of revolution. Indeed, besides lowering the energy of the
LUMO (LC 7* orbital) and allowing extended electron delocaliza-
tion, they can be involved in structural relaxations subsequent to
the intramolecular charge redistribution attached to the formation
of MLCT states: namely a planarization upon ligand reduction (Sec-
tion 1.3). The point is that the change of the twist angle 6 —- moreover
towards (co-)planarity, - which amounts to promoting intraligand
conjugation, is precisely likely to impact (favorably) the lifetime of
Tq (cf. Section 1.4.4.1).

Intramolecular conformation also plays a role when the tuning
of the photophysical properties of P relies on the use of one or more
appended remote(s) site(s) (RS). As a matter of fact, there is a multi-
plicity of potentially operative pathways at the intramolecular level
when dealing with PET and PEnT processes. Following the realiza-
tion that, for PMDs, ill-defined structures may impact negatively on
their functional working mode -suffice to mention the detrimental
effects of intramolecular short-circuits within flexible assemblies —
[112-114], fine-control of the overall geometry of multicomponent
assemblies has emerged as a key issue, and there is now a gen-
eral propensity to design (semi)-rigid architectures [111,114-117].
This is, for instance, the case for the multichromophore approach
aimed at increasing the lifetime of the lowest thexi state of inor-
ganic P (cf. strategy based on parameter d; Section 1.4.4) [77]. The
RS used are organic chromophores capable of accepting electronic
energy (RS=A) and temporarily store it, thus acting as reservoir(s)
to delay MLCT decay and thereby increasing its lifetime. Provid-
ing the subtle balance between proper kinetic and thermodynamic
parameters attached to P and RS (A), the concept is based on equi-
libration processes namely reversible intercomponent P <(path
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Fig. 4. Simplified scheme accounting for intramolecular PEnT processes involved
in the fine-tuning of the lifetime of the pivotal 3MLCT lowest thexi state (T;) of P
within P~A and P-(6)-A assemblies, and following photoinduced formation of the
P-centered "MLCT excited state. 3RSC refers to the RS-centered triplet state (T;a)
(RS=A), also loosely referred to as intra-ligand triplet state (3IL) in the literature.

3)— RS(Figs.3 and 4) energy transfers. Roughly, (i) the remote chro-
mophore A must possess its lowest-lying triplet state (3(7w-7*); T1a
in Fig. 4) close in energy to the T; state of P (preferably isoener-
getic), (ii) the decay (whether radiative or non-radiative; path (4)
in Fig. 4) of the RS-centered T4 triplet state must be significantly
slower than the decay of the P-centered T; (in particular for the
phosphorescence) and (iii), the intercomponent EnT (path (3) for-
ward and backward rate; Fig. 4) must be larger than the decay rates
of both triplets (T; and T;,). Clearly coming within the fine-tuning
approach of the features of P, the concept is actually plural in its
developments and implementations. Originally [75] perfected for
covalent assemblies linked by “saturated” insulating spacers (such
as - flexible - hydrocarbon tethers) that is, genuine P~A super-
molecular assemblies (PMDs of type (A) in Section 1.2.3) [118], the
concept was later demonstrated also to be workable with link-
ers capable of mediating substantial electronic coupling such as
ethynylene connectors [119]. It remains nonetheless true that, in
this case, the connector also serves as a m-extending group [120]
known to perturb excited-state features of *P (Section 1.4.4.1). The
behavior of the overall assembly is therefore worth describing as a
fairly coupled supermolecule of type (B) (cf. Section 1.2.3). Even
in the case of compact assemblies deprived of true spacer (the
P and RS are directly bonded) but showing a dihedral angle (6)
between sub-systems formally functioning as such [121] (refer to
the P-(6)-RS borderline case of interest evoked in Section 1.2.3),
RS can act as a temporary energy reservoir even though it is not
involved in a reversible EnT. For such electronically closely cou-
pled, spatially compact and semi-rigid P-(f)-A two-component
(super)molecules, direct intersystem crossing (iscp.gs ) between the
lowest-lying MLCT singlet state of P (S;) and the triplet-state of
A (Tqa) has been demonstrated (Fig. 4). Accordingly, the quantum
yield for the intra-photosensitizer iscp between 'MLCT and 3MLCT
states (Pjscp in Fig. 4) usually assumed to be unity is, in this special
case, significantly smaller and typically only ca. 0.7 [121]. In other
words, close coupling (either spatial or electronic) allows part (ca.
30%) of the energy attached to the 'MLCT state of *P to be directly
transferred to the remote T;5 energy reservoir, so bypassing the
lowest thexi state of the photosensitizer. Energy stored in the form
of the Ty, state of the RS is finally returned to P by populating
its Ty state (pathway (3) in Fig. 4, taken forward to P [122]). As a
result of the delayed population of T; (in addition to usual —direct
- population from the higher-lying 'MLCT state), the lifetime of
the lowest thexi state of *P is markedly increased [121,123]. The
fact that this behavior is observed in such a closely coupled assem-
bly is indicative of one of the basic feature of triplet states, namely
their locally excited states nature (LES; Fig. 2), moreover capable of

[Ru(tpy)2]** = POypy /Ru
Tom ((MLCT) = 0.25 ns

[(tpy)Ru(tpy-prmd)?*
[P0y, 1-(6p-prmd = Py, 1P™Y/Ru

\ Zom.(®MLCT) =8 ns /

N

[Ptpy-l prmd]_( 91)'A0An /Ru
Zom.(MLCT) = 400 ns

Fig. 5. Salient features of a semi-rigid fairly coupled P-(f)-A supermolecule
designed to extend the lifetime of the lowest thexi state of the POyy/Ru core (that
is, [Ru(tpy)2 ]** luminophore) [125a].

exhibiting rather strong electronic coupling without getting dena-
turized [124].

Finally, one of the most promising means to prolong the life-
time of the lowest thexi state of a given PO core was to combine
the approach based on extended electron delocalization of primary
ligand(s) (P1) [125] (Section 1.4.4.1) with the multi-chromophoric
approach based on the use of remote energy reservoir(s) (P~A)
[77,110]. In the illustrative case of trans-meridional bis-terdentate
Ru(II)-based photosensitizers (i.e. POgy/Ru), the PO is first substi-
tuted by a m-extending and m-accepting decoration (namely the
2-pyrimidinyl group, prmd; cf. Section 1.4.4.1) and the resulting
P1 type of chromophore (i.e. Ptpylp"‘“d) is subsequently linked to
a suitable RS as energy acceptor A0 (namely an anthracene unit,
denoted AQjp,; see Fig. 1) to give the ptpy1prmd-(91 )-A0p, assem-
bly (Fig. 5). Thereby embedded within a fairly coupled semi-rigid
P-(61)-RS supermolecules of type B (as defined in Section 1.2.3),
the POgy/Ru luminophore (tem~0.25ns) has its emission life-
time increased by a factor of 1600 (up to 400 ns [123,125a]) [126].
Moreover, from a more general viewpoint, this combined approach
has the great asset over the original multichromophoric approach
based on flexible linkers [75,118] to allow better control over the
rigid molecular geometry, which is of paramount importance for
PMDs meant to perform directional PET and PEnT. Intramolecular
steric hindrance about the intercomponent linkage results in a geo-
metrical decoupling (represented by torsion angle #;) correlated
with a partial electronic decoupling of the P and RS subsystems.
Torsion angle 6; thus ensures the preservation of key electronic
features of the components (see Section 1.2.3), therefore virtually
playing the role of a spacer within the compact semi-rigid super-
molecule [77,110].

1.5. Assessing the impact of conformational changes on
photoinduced processes within semi-rigid
photosensitizer—acceptor (P-A) inorganic assemblies

Throughout Section 1 various backgrounds involved in the
plural field of supramolecular (inorganic) photochemistry have



PP. Lainé et al. / Coordination Chemistry Reviews 252 (2008) 2552-2571 2561

been outlined, with a particular focus on the implementation for
artificial photosynthesis. At each stage, possible ways for structural
properties (including conformation) and electronic properties
(including photophysics and photochemistry) to interplay have
been highlighted. Among semi-rigid and closely coupled func-
tional architectures, intramolecular conformation is expected to
be most influential with respect to the electronic working mode of
supermolecules. Now, tackling in concrete terms the impact(s) of
conformational fluctuations (whether thermally activated or pho-
toinduced; cf. Section 1.3) on the electronic behavior of compact
assemblies, we analyse three case studies (Sections 2-4). Emphasis
is put on the consequences over both the status of the individual
functional elements and their capability to interplay subsequent
to absorption of light. The impact on the photophysical behavior
of the primarily concerned inorganic P components is examined
first (Section 2). Then, the impact on photoinduced processes
(photochemistry) is investigated through the analysis of two
special cases, which are series of photosensitizer-acceptor putative
“dyads” (with putative RS=A) showing different degrees of com-
pactness (Sections 3 and 4). For each illustrative case, the goal is to
clarify whether the acceptor group (A; Fig. 1) behaves as an influen-
tial substituent (R! or R'?) of the photosensitizer P (more precisely:
as a substituent of the ligand(s) coordinated to the metal center) or
as a remote site interacting with P (PO or P1), the intercomponent
electronic coupling being tuned by intervening torsion angle 6
(Fig. 1). In other words, the question is to determine whether we
are dealing with large molecules fitting a delocalized description
of their electronic/photophysical properties (denoted as P(§)A) or
with multicomponent assemblies fitting a localized description and
referred to as supermolecules (namely dyads P-(0)-A), respectively
(see Section 1.2.3). To avoid misleading issues related to the solvent
dependence of dynamic structural changes such as planarization
[56], comparisons were made between photoinduced behavior
investigated under the same experimental conditions [56].

2. Case study A. Light-induced structural changes around
the luminophoric core PO: the impact of planarization of
phenyl decorations within P1

[Ru(bpy);]** (denoted POu,y/Ru) and [Ru(tpy);]?* (denoted
PO,y /Ru) are prototype photosensitizers in the field of supramolec-
ular inorganic photochemistry even though they display sharply
different photophysical features. As previously mentioned, exploit-
ing the appealing geometrical features of POgy/Ru (namely
achirality and overall axial symmetry) [86] to build PMDs is not
that straightforward because of the poor photophysical properties
of the basic photosensitizer. Much effort has been devoted during
the last two decades to improve both the absorption and emission
properties of POgpy/Ru, including the lifetime of its lowest thexi
state (see Section 1.4). To this end, decorating the POyy/Ru core
with aryl groups was soon proposed and more precisely, phenyl-
substitution of tpy ligands at either or both (4, 4”) and 4’ position(s)
[127,128]. Of particular interest for PMDs designed for photoin-
duced charge separation are those POyy-based photosensitizers
bearing aryl fragments along the main molecular axis (that is,
appended at the 4’ position of tpy ligands) [86]. These semi-rigid
complex photosensitizers display some conformational degrees of
freedom within their decoration layer (aryl substituents are of the
R type; cf. Fig. 1) and are therefore of interest here, as the first
case study. The series of complexes examined (0-Ru, 1-Ru, 0-Os
and 1-0s) is depicted in Fig. 6.

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

0-Ru 0-Os

Zom.(3MLCT) = 629 nm
Tem.(®MLCT) = 0.25 ns
Dy (PMLCT) <0.0005 x 102

k M = Ru

Ao (SMLCT) = 729-724 nm
Zom.(CMLCT) = 269 ns
Do CMLCT) = 1.4 x 102

M= Os /

M(tpy)o = Potpy

M(ptpy)z = Pipyl Bh

M= 0Os \

Aem (*MLCT) = 736-734 nm
Zom.(PMLCT) = 247-220 ns
Dy (PMLCT) = 2.0-2.1 x 102

M = Ru

Aem PMLCT) = 640 nm
Tom.(PMLCT) = 0.95-0.58 ns
D, (BMLCT) = 0.0032 x 102

1-Ru 1-Os

Fig. 6. Planarization (about @) within the decoration layer of the POy core. The
principal photophysical features of POgy/M luminophores are presented together
with their related phenyl decorated derivatives, P,y 1P"/M. Note that the reported
data actually correspond to closely related tolyl-substituted (R'?) photosensitizers.
Emission data recorded from deaerated nitrile solutions (0-Ru: [84,86,115¢,129]/0-
Os: [88,1153,129]/1-Ru: [86,115a,115¢,129]/1-0s: [86,115¢,129]). For nomenclature,
refer to Figs. 1 and 2.

intramolecular electronic coupling (cf. Fig. 5). Here, phenyl deco-
rations obviously have the status of R1? substituents with respect
to the POy /M core (see below). Hence, the Potpy(OO)Ph/M large
photosensitizers (1-Ru and 1-0s; Fig. 6) are referred to as P1/M
type of photosensitizers, namely Ptpy1l’h/M (see Fig. 1 and Section
1.2.3).

Regarding the electronic features of the photosensitizers, in
addition to increasing absorption in the UV range, appending
phenyl groups to POy to form the Ptpyﬂ’h chromophores also
results in a significant enhancement of the extinction coeffi-
cient (&) of the MLCT transition(s). In the case of the Ru(ll)
complexes, spin allowed 'MLCT transitions are shifted to lower
energy (from 475 nm for 0-Ru to 490 nm for 1-Ru) with extinction
coefficients more than twice as large (from 1.48 x 10* M~ cm~!
to 3.39x 104 M~ cm!, respectively). In the case of Os(II) com-
plexes, the same trends are observed: a bathochromic shift of
ca. 560cm~! (from 477nm for 0-Os to 490nm for 1-0s) and
an hyperchromic change of ca. 60% (from £=1.74 x 10* M~ cm~!
to £=3.01 x 10* M~ cm™!, respectively). Similarly, the supple-
mentary bands corresponding to formally spin-forbidden 3MLCT
transitions are also red-shifted and intensities increased by
60% on average: from 632nm (£=0.43 x10* M~'cm~!) and
658 nm (¢=0.47 x 104 M~ cm~1) for 0-Os to 645 nm (¢ =0.67 x 10%
M-!cm~1) and 668 nm (£=0.77 x 10* M~! cm~!) for 1-0s.

The impact of the phenyl substitution on the absorption features
of the POy chromophoric core is in line with electronic effects
obtained by the fine-tuning of related POppy/Ru and POype,/Ru
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cores with phenyl decorations [130]. Moreover, the electronic
changes are highly informative on the actual role of the R'? groups.
Indeed, with respect to the "MLCT transitions, the substantial
increase of extinction coefficient (&) can be related to a “transfer
term”, which is itself proportional to an increase of the effective
transfer length (effective electron-transfer distance) involved in
the MLCT [89a,131-133]. In that sense, a hyperchromic effect is
indicative of the mr-extending role of the phenyl fragments with
respect to CT [89b,134]. The decrease of the energy of the LUMO is
correlated with extended m-conjugation, hence the observed red-
shift (bathochromic effect) of the MLCT absorption with respect to
PO,y /M parents. The point is that the m-extending role revealed
by absorption features is actually related to the instantaneous
- Franck-Condon prepared - conformation of P1 chromophores,
frozen in the geometry of the ground state (and characterized
by 6y; Fig. 6). As explained in Section 1.3, it is expected that the
semi-rigid structure will relax towards (co-)planarity subsequent to
charge redistribution (MLCT state formation). Emission is therefore
expected to originate from a planarized lowest thexi state character-
ized by a sizably different intraligand conformation (*6g <6g) and
namely, a greater extension of w-conjugation. In other words, the
emission energy is anticipated to be smaller than estimates derived
from known correlations between ground-state and excited-state
properties.

Phenyl substitution has some intriguing aspects within the
framework of an early and thorough analysis of substituent effects
on the POgy/Ru prototype. In 1995, Maestri et al. [84] investi-
gated a large series of PtpyIR/Ru complexes. For a wide range
of electron-donating and accepting decorations of POgy/Ru, they
found correlations between electrochemical redox potentials, the
Hammett substituent parameter (o) and the emission energies
originating from 3MLCT level. However, they noticed a discrepancy
for the m-extending phenyl substituent, which induces a larger red-
shift of the emission energy than would be expected simply on the
basis of its o value (virtually the same as that of proton). At that
time, they ascribed this deviation indicative of a stabilized emis-
sive state compared with the electrochemical expectations to some
structural reorganization intervening in the excited state leading
to *0y #+ Oy (Fig. 6). More precisely, they hypothesized a relaxation
(conformational change) towards a structure which stabilizes the
charge separation created by light excitation, without giving fur-
ther indication regarding the rotation tendency: twisting (6 < *6g)
versus planarization (6 > *6y)? (cf. Section 1.3). Of note, they also
inferred that even if the phenyl substituent is solely a mw-extending
group (rather than m-accepting like the pyrimidinyl fragment; cf.
Section 1.4.4.1), it can certainly behave as an electron-accepting
moiety in the excited-state, when the 3MLCT (lowest thexi) state is
formed [84].

A few years before this extensive experimental work was per-
formed, Calzaferri and co-workers [135] had carried out extended
Hiickel calculations on the phenyl-decorated POy /M chromophore
at the 4’ position of the tpy ligands that is, Ptpylph/M species
(1-Ru and 1-Os in Fig. 6). Insights gained from these molecu-
lar orbital studies clearly indicated that intra-ligand planarization
(60 >*0g) was the excited-state structural relaxation expected to
occur subsequent to MLCT state formation. These issues were fur-
ther substantiated only very recently in the case of Ptpylph/OS
embedded within dyads (cf. see Section 4, case study C) at both
the experimental level (ultrafast spectroscopy [115a]) and the the-
oretical level (from first principle: DFT calculations [114,115b]). Of
note, it was found that steric hindrance between the four hydrogen
atoms about interannular linkages is not completely withdrawn so
that full coplanarity is not reached (6g > *0¢ # 0), hence the interest
of replacing the phenyl moiety with other sterically less demanding
aryl extensions.

Actually, the first definitive demonstration of excited-state pla-
narization of peripheral phenyl substituents came from the study
of the other prototypic photosensitizer, namely PO,y /Ru. Indeed,
parallel to studies devoted to phenyl-substituted PO,y /Ru photo-
sensitizers, McCusker and co-workers undertook a comprehensive
study to rationalize the intriguing photophysical behavior of vari-
ous phenyl-decorated POy, /Ru derivatives. From 1997, combining
experimental [136] and theoretical [137] approaches, they provided
compelling evidence to support the occurrence of excited-state pla-
narization. Finally, they investigated these model photosensitizers
using ultrafast transient absorption spectroscopy and could show
that excited-state conformational relaxation takes place within ca.
2 ps (picoseconds) in the case of the phenyl-decorated POppy/Ru
complexes [138] and involves the 3MLCT lowest thexi state, given
that intersystem crossing occurs within ca. 50fs (femtoseconds)
[11].

In Fig. 6 are listed the emission quantum yields (®em) and
lifetimes (Tem) of POgpy/M cores and related Ptpyl"h /M photosensi-
tizers. Clearly, in addition to remarkably increasing photosensitizer
absorption cross-sections (light-harvesting elements of integrated
antenna), phenyl substituents also significantly improve their
emission properties [139], including lifetimes of the lowest thexi
states. The detrimental contribution of planarization, as a structural
reorganization, further contributing to radiationless deactivation
[140], is more than compensated by the correlated reduction of
the Franck-Condon factor [87,100]. With the beneficial impact
of enhanced electron delocalization on the photophysical fea-
tures in mind (see Section 1.4.4.1), it follows that the substantial
photophysical improvements noticed in passing from naked to
phenyl-decorated luminophores, in part, result from unexpected
excited-state planarization. In other words, excited-state con-
formational relaxation towards intra-ligand coplanarity (that is,
planarization) further contributes to improving the photophysical
features of the photosensitizers (whether POgyy /M or PO,y /M) to a
greater degree than originally expected (or planned) from the decora-
tion of these cores with phenyl substituents [84,130,141].

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

3. Case study B. Conformational gating of the
photophysical/photochemical behavior of the luminophore
within PO-A compact assemblies

Linking functional groups as putative full components to the
complex photosensitizer (P), is the next step towards multifunc-
tional assemblies like PMDs. Whether the added subunit is directly
connected to P or linked via an intervening spacer, it is expected
that planarization will occur as far as aryl fragments are involved
in charge redistribution. In this section, the case of compact assem-
blies made up of an acceptor group (A) covalently tied to P without
a spacing molecular fragment but with a tilt angle (6g,), is exam-
ined (Fig. 7). The question addressed here for each member of the
series of complexes is whether we are dealing with a PO_-(6ga)-A
supermolecular dyad species or with a P 1# large photosensitizer
(see Section 1.2.3). In doing so, the aim is to delineate the role of
the intramolecular conformation (6ga ) in this determination (PO -
(00a)-A versus P 17).
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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-(6pa)-A/Ru supermolecules (see Section 1.2.3) or POA/Ru (that is,
P1/Ru also denoted P0O(0gs Y*/Ru) large molecules? Room-temperature photophysi-
cal features (recorded in deaerated MeCN solution) of selected Ru-based compounds
together with related bare PO reference photosensitizers [143].

Clearly, planarization is expected with aryl groups other than
the phenyl substituent, all the more so if they are not only a
m-extending but also a m-accepting group such as the pyrim-
idinyl extension (Section 1.4.4) or the currently used pyridinium
ring electron acceptor. Indeed, photoinduced planarization is well
established for pyridinium derivatives [ 7], whether based on mixed
pyridyl-carbonyl complexes of Re(I) [144] or based on Ru(Il)
polypyridyl complexes [114,145,146]. In contrast to Ptpyll’h/Ru (1-
Ruin Fig. 6), however, there is a pronounced steric congestion about

the linkage between the pyridinium ring (central to the triphenyl-
pyridinio moiety, TPH3*; Fig. 7) and the PO core within 1-tpy and
1-bpy. As a result of the presence of bulky phenyl substituents at
either side of the Npyriginio atom, the 6ga value approaches 90° in
both cases [45,111,114,115,147,148]. This structural feature is usu-
ally referred to as geometrical decoupling [111,114,115]. For 1-phen,
there is no such large intramolecular hindrance but only the usual
small repulsion between the hydrogen atoms ortho to the inter-
annular bond, as in 1-Ru. Thus, 6y, about the pyridinium-phen
linkage approaches 0° within 1-phen in the ground state (pa actu-
ally amounts to ca. 25° [142]) [111].

Another noticeable difference between the three members of
the series stems from the capability of the pyridinium, as a redox-
active subsystem, to potentially act as a partner for photoexcited
P. By combining electrochemical and low-temperature emission
data derived from the photoactive species, one can generate esti-
mates [88] of the excited-state redox properties of *P embedded
within its specific molecular landscape, hence assessing the driv-
ing force (AG(ET)) for photoinduced intercomponent ET (towards
charge separation) [54,88,149-151]. While clearly endergonic (>0)
for 1-tpy, AG(ET) is borderline (roughly isoenergetic or barely
endergonic) for 1-bpy and 1-phen (cf. Fig. 7). Changes in the intrali-
gand torsion angles, Oy or 84 (attached to the almost freely rotating
phenyl terminus at the position 4 of pyridinium; Fig. 7), are likely to
impact the redox properties of the pyridinium: the smaller the twist
angle the greater the electron-acceptor features [45,115a,146,152].
Excited-state planarization is therefore anticipated to reinforce the
electron-withdrawing capability of the pyridinium moiety [142]
even though this latter is supposed to be reduced when the (ML)CT
or CS state is formed. This synergistic (or feed-back) effect corre-
lated with a change of the driving force makes the solutions to
various thermodynamic issues, related to excited-state properties
including, for example, AG(ET), rather approximate.

Lastly, neither TPH3* (AOgp) nor the p-phenyl-pyridinium
PyPh* (AOpp; Fig. 7) can play the role of an energy accep-
tor with respect to POy /Ru as their triplet energies (revealed
by low-temperature phosphorescence of acceptor models at ca.
450nm [115b,115d]) lie well above that of the corresponding
3MLCT state of POy/Ru units embedded within their respec-
tive assemblies (Aem(POgpy)=670nm, Aem(POhyy)=675nm and
Aem(POphen)=645nm at room temperature in deaerated acetoni-
trile). Moreover, AOrp and AOpp are both UV-absorbing fragments
while PO /Ru complexes are NIR emitters. Therefore, PO/Ru— AO
energy transfer cannot explain the quenching of the luminescence
of POppy within 1-bpy. Neither can an energy equilibration process
be proposed to account for the increased emission lifetime of both
PO,y within 1-tpy and POype, within 1-phen as compared with
relevant reference isolated photosensitizers [45].

Analysis of the absorption features of 1-tpy, reveals a large
hyperchromic effect accompanied with a bathochromic shift of
the "MLCT transition when compared with the reference POgpy/Ru
[111]. As previously (case study A; 1-Ru with respect to 0-Ru),
these changes are indicative of spatially extended CT electronic
transitions. However, because of the persistent intramolecular geo-
metrical decoupling about 6y, mentioned above, impacts on & and
absorption energy are no longer related to a further extension of
T-conjugation but are rather ascribed to the through sigma-bond
mediated electron-withdrawing effect of the positively charged
Npyridinio atom (inductive contribution (-I), essentially). At one
and the same time, the 7* ligand-centered LUMO orbital is sta-
bilized and the 3MLCT-3MC energy gap enlarged. This translates
into the observed red shift of the emission (reduced 3MLCT-GS
energy gap) and a remarkably increased emission lifetime (ca.
200-fold increased compared with parent PO,y /Ru; Fig. 7), respec-
tively (see Section 1.4). With respect to the photophysical behavior
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of 1-tpy, the possible minor contribution of the intervening
electron-delocalization effect associated with a slight excited-
state planarization about fya cannot be strictly ruled out, even
though torsional motion is largely impeded. Lastly, bearing in
mind that intramolecular PET from *POgy/Ru to TPH3* is, by far,
thermodynamically forbidden, 1-tpy is worth considering as a
large photosensitizer (Pgy1™H3/Ru) that is, a made-in-one-piece
luminophore at the electronic level.

With respect to 1-bpy, intramolecular geometrical constraints
are virtually the same as for 1-tpy (geometrical decoupling).
The same issues also hold for the electronic perturbation of the
POy, /Ru chromophore by the Npyriginio atom of TPH3*, even though
a splitting of the TMLCT absorption band is observed [45] instead
of the equivalent hyperchromic effect previously noticed [111]. The
point is that POy, /Ru is a significantly better electron-donating
agent in the excited state (E(III/II*)) than POgy/Ru: —0.92V ver-
sus —0.76 V versus SCE, respectively. Most importantly, this trend
is retained in related complexes despite the detrimental electronic
impact of the appended TPH3*: E(IlI/II*)=-0.68V for POyyy/Ru
within 1-bpy versus E(III/II*) = —0.51V for POgpy/Ru within 1-tpy.
Consequently, AG(ET) is switched from unfavorable (case of 1-
tpy) to borderline (case of 1-bpy), thus becoming compatible with
the occurrence of a poorly efficient intramolecular PET with CS
state formation that is, an intercomponent process indicative of a
supermolecular behavior (see Section 1.2.3). At one and the same
time, TPH3" is a substituent of POy,y/Ru (large molecule behavior)
and a partner of *POppy/Ru (supermolecule behavior). The overall
behavior is actually that of a compact PO-(6ga)-A supermolecule,
as revealed by the quenching of the phosphorescence of PO,y /Ru
within 1-bpy most likely resulting from intercomponent ET (path
3in Figs. 3 and 4) [45].

With respect to 1-phen, the energetics are essentially the same
as for 1-bpy that is, borderline driving force for intramolecular PET.
On the other hand, there is no geometrical decoupling about 6ga, SO
that planarization is not impeded in the lowest thexi state, contrary
to 1-bpy. The photophysical behavior of 1-phen is sharply different
from that of 1-bpy insofar as the lifetime of the emission originating
from the 3MLCT lowest thexi state is dramatically increased com-
pared with POppen/Ru parent luminophore [142] (Fig. 7) instead
of getting dramatically shortened, like for 1-bpy. This observa-
tion is fully consistent with the development of an extended
m-delocalization over the planarized domain of the phen-PyPh* lig-
and (*0ga ~0°) in the lowest thexi state. As explained in Section
1.4.4.1, this delocalization contributes to diminishing the vibra-
tional overlap between the lowest thexi state and the final ground
state, hence reducing the efficiency of non-radiative decay accord-
ingly. Thereby, in the case of 1-phen, the photo-promoted electron
is finally delocalized over the whole planarized phen-PyPh* “super-
ligand” giving rise to a “super-MLCT” emitting state [45,142], rather
than being transferred to the pyridinium center (CS state formation)
as in the case of 1-bpy. In other words, the whole 1-phen complex is
worth considering as a large photosensitizer (Pphe,,lpyph/Ru) fitting
a delocalized description of its electronic/photophysical features.

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

- Firstly, at the functional level, the twist angle 6y, 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 POyy/Ru core (TPHs™ is
a locked R'? substituent that is, a (—I) R! 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

state since PyPh* is a (=, —M) R!? substituent (Fig. 1) of the
POppen/Ru core.

- Secondly, brought together, observations concerning 1-bpy and
1-phen indicate that, as far as w-1r 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,
POy /POppen With respect to AOrp/AOpp) in particular regarding
the borderline driving force for intramolecular PET, it is shown here
that changing a conformational parameter (such as 6g, ) that is, the
electronic coupling between PO and A, merely changes the status of
the whole molecule from that of a supermolecule (case of 1-bpy)
to that of a large molecule (case of 1-phen). The emission prop-
erties are switched accordingly from non-emissive for 1-bpy (due
to intramolecular oxidative quenching of *P and CS state forma-
tion) to increased emission lifetime for 1-phen (due to enhanced
excited-state delocalization and super->MLCT state formation).

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

In this section, the series of four complexes depicted in Fig. 8 is
examined. These assemblies are made up of an Os(II) bis-tpy com-
plex (POy,y/0s) linked via an aryl moiety to a triaryl-pyridinio group
(TP*) [115a].

First of all, similar to the R1¢ phenyl substituent of the POy /M
core (Fig. 1) investigated in Section 2, aryl moieties (whether
phenyl, tolyl or xylyl) subject to planarization fully partake in the
photosensitizer component [86,134]. POg,y-(6p)-aryl/M is a single
electronic entity therefore worth referring to as Ptpyl‘“yl/M (actu-
ally Pypy(09)127! /M in the ground state giving *Pepy(*09)12™¥!/M in
the lowest thexi state; see Section 2). In other words, 6 is no longer
a determining twist angle while 6; possibly functions as a spacer
for the complexes of the present case study (Fig. 8).

Two parameters are to be varied here: (i) the level of restriction
for torsional motion about 67 and (ii), the driving force for photoin-
duced intramolecular ET. Replacing the intervening phenyl moiety
between PO,y /0s and the TP* group with a xylyl fragment allows
a modifying structural factor (i). Thereby, the steric encumbrance
about the linkage attached to 64 is changed from “two hydrogens —
two phenyls” (restrained torsional motion; case of 2-Os and 4-0s) to
“two methyls - two phenyls” (constrained or even locked torsional
motion; case of 3-0s and 5-0s), respectively. On the other hand,
modulating the thermodynamic factor (ii) goes through the nitro-
substitution of the triaryl-pyridinio moiety (TPH3* — TPH,(NO,)*;
Fig. 8) to improve (strengthen) the electron-accepting capability of
TP* as a potential remote site (RS=A) and redox partner of *P.

Noteworthy, the four assemblies show essentially the same 6,
twist angle (ranging between 85° and 90°) as judged from crystal-
lographic data [111,115a] that is, they apparently have virtually the
same geometrical decoupling about #; in the ground state, regard-
less of the harshness of intramolecular steric hindrance. However,
via thermally activated torsional motion, twist angle 8; experiences
a wider angular range within restrained 2-0s and 4-0s than within
sterically constrained 3-0Os and 5-0s. The same issues obviously
hold for excited-state photoinduced planarization. With the angu-
lar dependence of electronic coupling [111,114,115,117,147,153-159]
in mind, it follows that torsional fluctuations of larger amplitude
are therefore correlated with a greater intramolecular electronic
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molecules? [143]. Room-temperature photophysical features (recorded in MeCN deaerated solution) of selected Os-based compounds [115a].

coupling in the average (case of 2-0s and 4-0s) than torsional fluc-
tuations of smaller amplitude like those allowed within constrained
3-0s and 5-0s. Thereby, despite formally the same geometrical
decoupling in the ground state, intramolecular electronic coupling
is greater within 2-0Os and 4-0s than within 3-Os and 5-Os. To
summarize, the level of steric restriction about 6; impacts both
thermally activated torsional fluctuations and photoinduced pla-
narization, hence the magnitude of the intramolecular electronic
coupling.

Conversely to the previous case study (Section 3), no sizable
change in the absorption features attached to !MLCT and 3MLCT
transitions could be found when comparing the electronic spectra
of the various members of the series [115a]. Excited-state features
are actually the more informative with respect to the extent of
the intramolecular electronic perturbations of P by TP*. The low-
temperature emission spectra of various osmium-based species
(2-0s-5-0s) including the bare Ptpylph/Os photosensitizer (1-Os
in Section 2) are given in Fig. 9. Large structural motions (typi-
cally those involving the TP* fragment about 6;) are precluded in
the rigid matrix. Also, slightly exergonic intercomponent ET pro-
cesses (case of 4-0s and 5-0s; see below) are impeded in glass due
to the endergonic contribution related to the repolarization slow-
down of surrounding solvent molecules [160,161]. Examining Fig. 9,

0
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750
wavelength / nm

800 850

Fig. 9. Normalized low-temperature (77 K) emission spectra of 1-0s, 2-Os, 3-0Os,
4-0s and 5-0s (Aexc. =600 nm in deaerated BuCN) [115a].
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the bare complex-photosensitizer (1-0s) behaves differently from
the other members of the series (2-0s-5-0s), which roughly have
the same emission energy within experimental error regardless of
the nitro substitution of TP*. These observations are evidence that
appending TP* to Ptpyl“"y‘/OS has a sizable permanent electronic
influence on the photophysical properties of the photosensitizer.
Thus, TP* primarily behaves as a substituent of PtpylAfyl/Os. This
modest substituent effect, ascribed to the presence of the positively
charged Npyriginio atom, is also revealed by the slight anodic shift of
the redox potential attached to the complex photosensitizer within
the 2-0s-5-0s series with respect to the one measured for 1-Os
[114,115a,115¢,115d]. The fact that TP* is to some extent part of the
photosensitizer is also further substantiated by time-dependent
DFT calculations devoted to 2-Os, which provided evidence for
the existence of a direct optical electron transfer (that is, an elec-
tronic transition) from the metal center to the pyridinium ring
of TP* lying in the UV range (at ca. 350 nm) [114]. The quantum
yield for room-temperature emission of 2-0s, which is half that of
reference photosensitizer 1-0s, is therefore an intrinsic feature of
this Py 1P1TP/0s large photosensitizer. The deviation from emission
properties of 1-Os can be ascribed to the electronic perturbation
attached to TP* group as a substituent, which also provides for some
supplementary radiationless deactivation pathways via torsional
motion of the TP* moiety about 6. These issues hold for the whole
series of osmium complexes. Rigidifying the molecular architecture
about this linkage by adding bulky substituents (e.g. methyl groups
of the xylyl fragment) indeed results in an increase of the emission
quantum yield (Section 1.4.4.1) [87,162], as shown for the 3-Os large
photosensitizer compared with 2-Os (see Fig. 8).

Interestingly, the fact that nitro-derivatization of TP* basically
has virtually no additional impact per se on the low-temperature
emission properties of photosensitizers indicates that this electron-
withdrawing group essentially tunes the electronic properties of
the TP* fragment. This spatially limited electronic influence is fur-
ther substantiated when comparing the electrochemical features
of 2-0s and 3-0Os to those of nitro-derivatized related compounds
(4-0s and 5-0s). The metal-centered redox potential remains vir-
tually the same for all four complexes (at ca. +0.93 V versus SCE)
while the reduction potential of TP* shows an anodic shift of
about 0.28 V (from ca. —0.92V to ca. —0.64V versus SCE) for nitro-
substituted assemblies. This independence of the redox/electronic
features of two parts of the same molecular assembly is a hall-
mark of a supramolecular behavior for the nitro species (Section
1.2.3). Although present, the large molecule behavior is dominated
by the supramolecular behavior within 4-0s and 5-0s, which can be
described as P1-(64)-A1 dyads (Fig. 2). These assemblies are closely
coupled dyads of type (B), as defined in Section 1.2.3. Hence, the
TP* substituent also gets the status of a remote site (RS) with respect
to Pepy12™/0s, and the NO, of TPH(NO,)* is the R? substituent
of RS in Fig. 1. Room-temperature photophysical behavior of 4-Os
and 5-0s are shown to be those of supermolecules, accordingly
(see below) [115a]. Finally, because of the dual nature of compact
dyads of type (B), analyzing properly the photophysical behavior of
4-0s and 5-0s supermolecules goes through the use of 2-0Os and
3-0s large photosensitizers of type C (respectively) as the relevant
references instead of the 1-Os photosensitizer [115a].

In fluid solution at room temperature, emission quantum yields
of 4-0s and 5-0s dyads are roughly of the same order of mag-
nitude that is, 9% and 2.6% of their respective Py, 1AWFTPH3/0g
reference photosensitizers (2-0s and 3-0s). This quenching of the
luminescence arising from the 3MLCT state of *P1/0s components
(pathway (1) in Fig. 4) is firstly ascribed to intervening intramolec-
ular photoinduced electron transfer (PET; pathway (3) in Fig. 4),
leading to the formation of P1*-(*#;)-A~ charge-separated states
(CSS). This explanation is further supported by favorable estimates

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

Clearly, the more diagnostic spectroscopic domain is in the
NIR, between 700 and 800 nm (Fig. 10). A feature shared by the
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 6/0oa of phenyl/xylyl R'? substituents of POy /Os within
ptpy1ary1/()s [115a,115b] (cf. discussion in Section 2; case study A)
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Fig. 10. Selected ultrafast differential transient absorption spectra of 3-0s, (top),
4-0s, (middle) and 5-0s (bottom). Aexc. =400 nm; deaerated MeCN solutions; first
observation after 500 fs from pulse [115a].
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[164]. This is the first direct evidence reported for planarization of
aryl decorations of a PO,y /M core, as the preferential structural
relaxation of the lowest excited state into its thermalised confor-
mation, corresponding to the lowest thermally equilibrated excited
(thexi) state.

With respect to 3-Os, ultrafast transient absorption spec-
troscopy reveals biphasic kinetics. First, there is the ultrafast
component attached to the planarization within Ptpyli“'yl /0s. Then,
the spectroscopic features remain unchanged in the timescale
of the experiment (instrument limited to ca. 1000 ps), in agree-
ment with the decay derived from emission measurements: 191 ns
[115a]. These are the photophysical characteristics of the 3-Os large
photosensitizer (type C).

With respect to 5-0s, ultrafast transient absorption spec-
troscopy also reveals biphasic kinetics. The first ultrafast compo-
nentof ca. 2 ps (planarization)is followed by a slower decay of about
870 ps leading to the recovery of the ground state (Fig. 10), which
is also consistent with the emission lifetime estimated to be less
than 10 ns [115a]. This dramatically shortened emission lifetime as
compared with reference 3-Os is straightforwardly explained by
intervening photochemistry: namely the fast formation of a CS state
(within ca. 10~9's), which does not accumulate most likely because
of the peculiar influence of the nitro group [54,165].

With respect to 4-0Os, ultrafast transient absorption spec-
troscopy in this case reveals triphasic kinetics. The first ultrafast
component (planarization) is followed by a slower decay of about
400 ps, which does not lead to the recovery of the ground state
(Fig. 10), conversely to 5-0s. Then, the spectroscopic features
remain unchanged in the timescale of the experiment (ca. 1000 ps),
in accordance with the decay derived from emission measure-
ments: 174ns [115a]. To explain the unexpected 400 ps process,
intervening reversible energy transfer (equilibration) between
the 3MLCT thexi state (Tqp) of the photosensitizer and a triplet
excited state (T;a) located on the TP* remote site, was pro-
posed. The existence and identity of such a Tqs triplet were
fully established by carrying out a detailed computational study
of the series of complexes as well as low-temperature phos-
phorescence measurements on proper nitro-derivatized model
acceptors 1,2,6-triphenyl-4-p-nitrophenyl-pyridinium (denoted
[ph-TPH2(NO,)*]) and 1-m-xylyl-2,6-diphenyl-4-p-nitrophenyl-
pyridinium (denoted [xy-TPH(NO,)*]) [115b]. Indeed, it was
shown that there exists a T1a locally excited state (LES) located
on the nitrophenyl (NP) fragment embedded within TPH,(NO,)*
acceptor units of dyads, moreover virtually isoenergetic with the
Typ triplet of the linked photosensitizers [115b]. The triplet located
on the remote site can play the role of an energy reservoir pro-
vided suitable kinetic and thermodynamic parameters are fitted
(cf. Section 1.4.4.2). The point is that EnT (equilibration) is poten-
tially in competition with intercomponent ET (to TP* as an electron
acceptor) as both processes involve the same 3MLCT state (T;p) of
the photosensitizer (Fig. 11). To summarize, the 400 ps decay was
assigned to the equilibration time while the luminescence lifetime
could be ascribed either (i) to the quenched lifetime of the equili-
brated state whose unquenched intrinsic lifetime would be rather
longer in this case, or (ii) to the lifetime of the equilibrated state
[115a].

Given that thermodynamics for intercomponent PET and PEnT
processes are virtually the same within 4-Os and 5-Os, the rea-
son why ET (that is, charge separation) appears to dominate in
5-0s while reversible EnT (that is, equilibration) dominates in 4-
Os, at least at the early stage, remains to be clarified. It is known
that torsional motions are correlated with fluctuations of the deter-
mining intercomponent electronic coupling when occurring within
closely coupled semi-rigid compact assemblies [114,166,167]. As
highlighted above, the level of restriction of torsional motion about
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Fig. 11. Schematic energy diagram illustrating the photochemistry taking place
within 4-0s and 5-0s (see ref. [115b] for details). In 4-Os, energy equilibration (path
3ent; Keq) competes with charge separation (CS, path 3gr; ke). In 5-0s, reversible
energy transfer (path 3g,r) between P and A is no longer competitive with charge
separation (path 3gr). In both cases, deactivation from the T;a triplet of excited
acceptor (path 4gnr) is much less efficient than decay from the T;p of photoexcited
P (path 1), which is itself much less efficient than charge recombination (CR) from
the P*-A- charge-separated state (path 4r).

01 impacts the intramolecular (here: intercomponent) electronic
coupling, which is smaller within constrained 5-0s dyad than within
the only restrained 4-0s dyad. As a matter of fact, the Dexter mech-
anism for electronic energy transfer (relying on orbital overlap and
corresponding to a double electron transfer), which is most likely
operative in the present case of closely coupled dyads (see Section
1.2.3), is very sensitive to electronic coupling (and definitively more
than for ET). Hence, it can be foreseen that the EnT decay is slowed
down to a much larger extent than the ET on passing from 4-0s to 5-
Os. In other words, whereas reversible EnT (equilibration process)
is still competitive in 4-0s, this is no longer the case in the 5-Os
constrained dyad, which shows a weaker intercomponent elec-
tronic coupling because of its locked intramolecular geometrical
decoupling.

Given that 4-Os and 5-Os are both P1-(6;)-A dyad super-
molecules, changing the level of restraint for torsional motion
attached to “spacing” twist angle 6 that is, the mean electronic
coupling between P1 and A, is here changing the balance between
competing PET and PEnT intercomponent processes [168]. The
emission properties are switched accordingly from virtually non-
emissive for Pgyy1 within 5-0s (due to dominating intramolecular
oxidative quenching of *P and CSS formation) to increased emission
lifetime for 4-0s (due to intervening reversible electronic energy
transfer that is, equilibration between the P-centered 3MLCT state
and an A-centered triplet LES). The overall phenomenon is referred
to as the “conformational gating of photoinduced processes”.

5. Conformational gating for molecular switching and
sensing

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

We distinguish between two cases relying on the conforma-
tional tuning of intramolecular electronic coupling: (i) the status
of the overall molecular assembly is switched from that of a
large molecule to that of a supermolecule (and vice versa) upon
properly changing intramolecular conformation about the deter-
mining linkage of a bipartite assembly (case of 1-bpy/1-phen) and
(ii), the balance between two competing intramolecular photoin-
duced processes (namely PET and PEnT) within a closely coupled
supramolecular species is changed by modifying intramolecular
conformation (or the level of restriction of intramolecular torsional
motion about a key linkage; case of 4-0s/5-0s) and so the emission
features of the luminophore accordingly.
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Fig. 12. Two possible implementations of the conformational gating for molecular sensing (or switching): (a) using a R'? substituent as a potential m-extending domain (top)

or (b), using a remote site (RS) as a potential energy reservoir (bottom).

In principle, obtaining switchable light-emitting PMDs should
be possible by harnessing properly, with a mechanically active
linker (actuator), bipartite assemblies comprised of a luminophore
and of a potentially interplaying remote site or m-extension. At
one and the same time, the “smart linker” should interplay with
an external stimulus (whether chemical, redox, photonic, or other)
and undergo a structural change (e.g. elongation/contraction) upon
interacting with this trigger [47]. The aim is to mechanically control
the interaction between the two subunits by an external stimu-
lus via a conformational modulation of intramolecular electronic
coupling. In the present case, potential applications are essentially
envisioned for molecular sensors no longer relying on a change of
the emission intensity of the probe but rather on a change of its
emission lifetime, instead [170].

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

6. Conclusions

To summarize, the entity which absorbs light is not necessar-
ily the same as the one which re-emits light, even if there is no
intervening “chemical” change but only transient conformational
change(s). In other word, the ground-state species absorbing light
may be - sharply - different from the excited-state luminophoric
species. These conformational changes can be photoinduced
(resulting from intramolecular charge redistribution in the excited
state) such as planarization, which eventually impacts the pho-
tophysical features of the luminophore. Vice versa, mechanically
changing intramolecular conformation (e.g. the degree of a geo-
metrical decoupling or the level of restriction of a torsional motion)
can impact in its turn the electronic/photophysical/photochemical
behavior of the photoactive molecules to a complete change of
its electronic/photophysical status (supermolecule versus large
molecule) via a modification of intramolecular electronic coupling.
This interplay between structure (conformation) and photophysical

properties can be turned to good account to design PMDs perfected
for molecular sensing or switching. As a matter of fact, the switch-
ing behavior performed on a conformational basis is preferably
achieved with compact, closely coupled, assemblies.
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