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‡UPMC, Universite ́ Paris 06, Institut Parisien de Chimie Molećulaire, UMR 7201 CNRS, Case 42, 4 place Jussieu, 75005 Paris,
France
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∥École Nationale Supeŕieure de Chimie de Paris − Chimie ParisTech, LECIME, UMR 7575 CNRS, 11 rue Pierre et Marie Curie,
75005 Paris, France
⊥J. Heyrovsky ́ Institute of Physical Chemistry of ASCR, v.v.i., Dolejsǩova 3, 18223 Prague, Czech Republic
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ABSTRACT: The synthesis, characterization, redox behavior, and
photophysical properties (both at room temperature in fluid
solution and at 77 K in rigid matrix) of a series of four new
molecular dyads (2−5) containing Ru(II)− or Os(II)−bis-
(terpyridine) subunits as chromophores and various expanded
pyridinium subunits as electron acceptors are reported, along with
the reference properties of a formerly reported dyad, 1. The
molecular dyads 2−4 have been designed to have their (potentially
emissive) triplet metal-to-ligand charge-transfer (MLCT) and
charge-separated (CS) states close in energy, so that excited-state
equilibration between these levels can take place. Such a situation is not shared by limit cases 1 and 5. For dyad 1, forward
photoinduced electron transfer (time constant, 7 ps) and subsequent charge recombination (time constant, 45 ps) are evidenced,
while for dyad 5, photoinduced electron transfer is thermodynamically forbidden so that MLCT decays are the only active
deactivation processes. As regards 2−4, CS states are formed from MLCT states with time constants of a few dozens of
picoseconds. However, for these latter species, such experimental time constants are not due to photoinduced charge separation
but are related to the excited-state equilibration times. Comparative analysis of time constants for charge recombination from the
CS states based on proper thermodynamic and kinetic models highlighted that, in spite of their apparently affiliated structures,
dyads 1−4 do not constitute a homologous series of compounds as far as intercomponent electron transfer processes are
concerned.

■ INTRODUCTION

Photoinduced electron transfer (ET) continues to be at the
center of growing interest for fundamental and applicative
reasons.1,2 The enormous amount of studies devoted to
purposedly conceived two-component systems (i.e., molecular
dyads) has allowed the disentanglement and investigation of
the various effects that intramolecular electronic coupling,
nuclear reorganization (including solvent dynamics), and ET
driving forces have on both the efficiency and the rate constants
of charge separation and charge recombination processes.
However, relatively little investigation has involved molecular

dyads exhibiting a driving force for charge separation close to
zero.3−5

Recently, we investigated the photophysical properties of
molecular dyads (D−S−A) made of Ru(II)− or Os(II)−
bis(tpy) complexes (with tpy = 2,2′:6′,2″-terpyridine) function-
ing as photosensitizing chromophores and primary electron
donors (D), on the one hand, and of expanded (bi)pyridinium
subunits serving as electron acceptors (A), on the other hand,
variously connected by oligophenylene-type linear bridges as
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spacers (S).6 In the course of that study, we suggested that
replacing biphenylene bridges with monophenylene spacers is a
strategy likely to favor the formation (and accumulation) of
charge-separated (CS) states. Indeed, the less pronounced
electron-donating character of the latter spacers allows
circumventing of the bridge-assisted mechanism of charge
recombination, when the photoinduced process leading to the
preparation of such CS states is an oxidative electron transfer.
In a further step of design of molecular dyads, we report here
on the synthesis, characterization, redox behavior, and photo-
physical properties of a series of four new compounds of the
same family (2−5; Chart 1), plus one compound (dyad 1;
Chart 1) whose properties have been partially reported in a
previous paper,6 all of them containing a single phenylene
moiety as the spacer. As regards the driving force for
photoinduced electron transfer between the initially prepared

metal-to-ligand charge-transfer (MLCT) excited state of the

metal-based chromophore (D) and the expanded pyridinium

acceptor (A) to produce the targeted [D+−S−A−] CS state, its

value is close to zero for most of the dyads here studied. This

peculiar situation allows us to investigate the effect of a possible

excited-state equilibration between MLCT and CS states on the

photophysical properties of the studied compounds.
The molecular structures of the series of dyads under

consideration are shown in Chart 1, together with the

structures of reference species, namely model bis(4′-tolyl-tpy)
metal complexes (D/M, with M = Ru and Os) as reference

photosensitizers and electrophoric expanded pyridiniums (EPs)

as reference acceptor species (An, with n = 1−5).

Chart 1. Structural Formulae of the Studied Molecular Dyads 1−5 and of Their Model Speciesa

aNote that A3/4 is the acceptor reference model for both 3 and 4.
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■ RESULTS AND DISCUSSION

Synthetic Strategy. With regard to the kind of semirigid
photosensitizer−(spacer)−acceptor dyads investigated here,
the control of intramolecular charge separation goes through
concomitantly achieving two types of development, which are
the aforementioned engineering of the spacer,6,7 and the fine-
tuning of ET driving forces. The latter parameter largely relies
on the chemical variability of the acceptor component.8 The
study of several series of model acceptors of 1,2,4,6-tetra-
substituted-pyridinium type, TP (i.e., [R0Ar-TPR1

2R
2]+, Figure

1a), showed the importance of their N-aryl group (R0Ar) whose
nature can be changed to make their first reduction potential
fall in the proper range (typically E1/2

red ≥ −0.6 V vs SCE) to

produce efficient intramolecular ET. In this respect, a choice
group is pyridyl (py) that becomes an efficient electron-
withdrawing substituent when quaternized (R0−Ar is methyl-
pyridylium, Me-py).7,9−11 The same tuning method holds for
the fused polycyclic derivatives of these tetraarylpyridinium
molecules, fTP (Figure 1a), reaching similarly good reduction
behavior to that of the benchmark electron acceptor methyl
viologen MV (i.e., E1/2

red ≈ −0.4 V vs SCE) in the case of the
fused counterpart of dicationic species [Me-py-TPR1

2R
2]2+

(with R1 = R2 = H; Figure 1a).9 From a synthetic viewpoint,
exploitation of the appealing acceptor properties of these new
bis-N-heterocyclic acceptors for charge separation requires
inversion of the topology of the dyads as compared to that of
dyads of the first generation.5,12 This is achieved by moving the
inorganic photosensitizer (D component) from the R0 position
of the pyridinium-based A component to its R2 position (Figure
1b). Insofar as the scope of the present study deals with ET
driving forces approaching zero, only dyads made up of
monocationic TP (i.e., A2) and fTP (A3/4 and A5) types of
EPs are investigated, the two-component D−(S)−A system
built from dicationic A1 serving as a reference6 (Chart 1).
Another aspect that deserves comment deals with the

photochemistry of EPs of the branched TP type and their
possible transformation into fTP derivatives (Figure 1a).9,10,13

Some branched EPs are intrinsically stable vis-a-̀vis photo-
biscyclization, as is the case for A1,7,9 and those potentially
light-sensitive, like A2, are actually protected from photo-
induced pericondensation by the presence of the covalently
linked inorganic photosensitizer (D) when embedded within
dyads (case of 2).5,12 Indeed, within these D−(S)−A
assemblies, ultrafast funneling of electronic energy (excitation)
occurs toward the D-centered lowest excited state (3MLCT)
that works as an energy sink (likely via the 1MLCT state),
thereby inhibiting the EP-centered photochemistry (that
normally takes place in the UV domain). From the synthetic
viewpoint, it follows that ligands bearing a fused EP must be
prepared before carrying out coordination chemistry (i.e.,
strategy based on “photochemistry on the complex” with dyads
built from branched EPs of TP type is not operative). Thus,
ligand tpy-A3/4 (giving dyads 3 and 4) was prepared by
coupling the boronic ester of the chelating tpy fragment with
the suitable bromo-derivative of A3/4, and ligand tpy-A5
(giving dyad 5) was obtained photochemically from the tpy-ph-
TPH3

+ precursor. All details are given in the Supporting
Information. Structural features typical of dyads built from fTP
acceptors are revealed by single-crystal X-ray crystallography in
the representative case of rod-like dyad 5 (see Figure 2).
Observed curvature of the molecular backbone of 5 is not due
to crystal packing but originates from some intrinsic structural
constraints of the fused EP, as evidenced by previous
theoretical11 and experimental (X-ray crystallography)14

studies.
Redox Behavior. All the studied compounds undergo a

reversible one-electron oxidation and several reversible
reduction processes, which are in some cases bielectronic in
nature (see below and Figures S15−S19 in Supporting
Information). As usual for Ru(II)− and Os(II)−polypyridine
complexes,15 the single-electron oxidation is ascribed to a
metal-centered process, and the reduction processes are
assumed to be ligand-centered. As the relevant redox processes
for photoinduced electron transfer and charge separation are
the first reduction and oxidation processes, only related values
of potential are reported in Table 1 for all the studied dyads,

Figure 1. (a) Molecular structures of the two types of expanded
pyridiniums (TP and fTP) serving as electron acceptors (A) in D−
(S)−A dyads. (b) Connection schemes corresponding to D−(S)−A
dyads of the first (“regular” topology; D @ R0) and second (“inverted”
topology; D @ R2) generations; M = Ru, Os.
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together with the corresponding redox potentials of D/M and
An model species. From comparison with the TP and fTP
pyridinium-based references (A1, A2, A3/4, and A5), the first
reduction processes observed for dyads 1−5 are straightfor-
wardly assigned to their respective expanded (bi)pyridinium
subunits, as expected. Moreover, the close similarity observed
between redox potentials recorded for dyad systems and related
model components allows for inferring that electronic
interaction between metal-based (D) and pyridinium (A)
subunits in 1−5 is relatively weak, so these species can actually
be considered as multicomponent, supramolecular species,16 at
least from a redox viewpoint.
Finally, it is worth noting that the first reduction process in 1

and 2 is of a bielectronic nature. Indeed, it has been
demonstrated that the corresponding A1 and A2 branched
EPs undergo a two-electron reduction as a result of a redox
potential compression/inversion that originates in a large
structural rearrangement, namely pyramidalization of the
Npyridinio atom of their pyridinium core, upon reduction.17

Here, it is important to stress that for such a type of
electrochemical behavior, the potential for the one-electron first
reduction coincides with that of the experimentally recorded
bielectronic process.17,18 So, the reduction potentials reported,
although experimentally related to a bielectronic process, are
suitable to calculate thermodynamic parameters for photo-
induced electron transfer processes (inherently one-electron
processes) to the expanded pyridinium subunit(s), when
Koopmans’ theorem is assumed as valid.

Absorption Spectra. Absorption spectra of 1−5 are
dominated by metal-to-ligand charge-transfer (MLCT) bands
in the visible region and by slightly metal-perturbed ligand-
centered (LC) bands in the UV, as expected for Ru(II) and
Os(II) polypyridine complexes.15,19 Figure 3 shows the spectra

of some selected compounds, whereas data of all the
chromophoric assemblies are collected in Table 2. Spectra of
osmium compounds 1−3 display both 1MLCT and 3MLCT
bands, while only the spin-allowed 1MLCT bands are shown by
the ruthenium species 4 and 5. MLCT bands of molecular
dyads are slightly red-shifted in comparison with those of D/Ru
and D/Os model compounds (Table 2), suggesting non-
negligible electronic interaction between the metal-based
chromophoric unit (D) and the acceptor pyridinium
subsystems (A) at the ground state. Acceptor subunits
contribute to the near-UV−vis region absorption, in particular
in dyads based on the fused acceptors A3/4 and A5 (that is, 3−
5). Structured absorption features are indeed observed in the
360−450 nm range (Figure 3) that are due to the vibronic
contribution of the lowest-energy spin-allowed π−π* tran-
sitions centered on the fTP acceptor subunit(s).9−11,20 For 1
and 2, where the nonfused (i.e., branched) A1 and A2
pyridinium moieties are present, the lowest-energy π−π*
transitions occur at higher energy,9 so the corresponding
absorption bands are overlapped with other (phenyl-tpy) LC
bands.

Photophysical Properties. Compounds 2−5 exhibit
luminescence both at room temperature in fluid acetonitrile
solution and at 77 K in a butyronitrile rigid matrix, whereas 1
emits only at 77 K (Table 2). In all cases, emission can be

Figure 2. Orthogonal views of [(ttpy)Ru(tpy-A5)]3+ complex (5) with
thermal ellipsoids (50% probability), showing the topology of first
generation dyads (ttpy is 4′-tolyl-tpy).

Table 1. Relevant Redox Data of the Studied Dyads and of
Their Model Species (vs SCE) at Pt Electrode for
Acetonitrile Solution (0.1 M NBu4PF6) at Room
Temperaturea,b

compound E1/2
ox, V (ΔEp, mV) E1/2

red, V (ΔEp, mV)

1 +0.91 (59) −0.53c (59)
A1 −0.60c (102)d

2 +0.91 (69) −0.86c (69)
A2 −0.93c (115)d

3 +0.90 (80) −0.76 (80)
A3/4 −0.84 (114)d

4 +1.24 (90) −0.70 (90)
5 +1.26 (80) −0.90 (80)
A5 −1.00 (117)d

D/Os +0.88 (68) −1.22 (68)
D/Ru +1.22 (80) −1.27 (80)

aE1/2 (vs SCE) is calculated as (Epa + Epc)/2, where Epa and Epc are the
anodic and cathodic peak potentials measured by cyclic voltammetry at
0.1 V s−1; ΔEp is the difference of potential between Epc and Epa.

bThe
data referring to the isolated acceptors are shown in italics. cTwo-
electron process (see ref 17). dFrom ref 9.

Figure 3. Absorption spectra of some of the studied compounds in
acetonitrile solution and comparison with their model complexes. The
compounds reported are indicated within the panels.
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assigned to 3MLCT states.15,19,21,22 For osmium-based dyads,
the emission spectra are only slightly displaced to the red
compared with those of the model species D/Os, both in fluid
solution and at 77 K, whereas the red shift is larger for the
emission spectra of ruthenium-containing dyads compared to
those of the model species D/Ru. At 77 K, the luminescence
lifetimes of all the compounds are in the 2−3 μs range for the
osmium species and in the 10−15 μs range for the ruthenium
ones, in accordance with energy gap law. Moreover, emission
lifetimes of all the molecular dyads are close to those of the
corresponding model species, indicating that no further excited-
state decay process is present, at 77 K, with respect to the decay
processes already present in the models. On the contrary,
emission lifetimes and quantum yields of 2 and 3 are largely
reduced compared to D/Os at room temperature in fluid
solution (as mentioned above, room temperature emission is
totally absent for 1). Conversely, under the same experimental
conditions, emission lifetimes and quantum yields of the
ruthenium-containing dyads are larger than those of D/Ru. All
the luminescence data are collected in Table 2, and the
luminescence spectra of some representative compounds are
shown in Figure 4.
Although small, the bathochromic shift of the emission

spectra of 1−3 osmium compounds compared to that of D/Os
suggests that the presence of the expanded pyridinium subunits
perturbs the MLCT state of the inorganic chromophore. Such a
perturbation can be ascribed to the electron-withdrawing effect

that the positive charge, carried by the pyridinium acceptor,
exerts on the chelating tpy fragment, with the ultimate result of
slightly decreasing the MLCT state energy.
In principle, in multicomponent species like 1−5, photo-

induced electron transfer from the D-centered excited MLCT
state to the pyridinium subunits, playing the role of oxidative
electron transfer quenchers, can occur, thereby yielding a
charge separated state, CS (see Figure 5 for a pictorial

representation of the process; note that the photoinduced
electron transfer process could be alternatively regarded as a
shift of electron density within the “tpy-pyridinium” segmented
ligand).23 This was indeed demonstrated to occur in 1.6

The driving force for photoinduced electron transfer, ΔG0
ET,

can be approximated by eq 1.15

Δ = ∗ − +G E E W( )ET
0

ox red (1)

∗ = −E E Eox ox
00

(2)

In eq 1, *Eox is the oxidation potential of the excited state of the
chromophoric (primary) electron donor (expressed, as all the
other similar terms in eqs 1 and 2, as one-electron energies, in
eV), in its turn approximated from eq 2, where Eox is the
ground-state oxidation potential of the donor and E00 is the
(MLCT) excited-state energy, approximated to the highest-
energy maximum of the emission spectrum at 77 K.15 The term
Ered is the reduction potential of the acceptor. The term W,
called the work term, is the difference between Coulombic
stabilization energies of reactants and products; its effect, which

Table 2. Absorption and Luminescence Dataa

absorptionb λ max, nm (ε, 104 M−1 cm−1) luminescence, 298 K luminescence, 77 K

species 1 MLCT 3 MLCT λ max, nm τ, ns ϕ λ max, nm τ, μs

1 499 (3.4) 673 (0.9) no emission 733 2.7
2 498 (3.6) 673 (1.0) 760 2.1 4.0 × 10−4 730 2.8
3 499 (3.2) 673 (0.9) 760 1.1 1.6 × 10−5 733 2.7
4 497 (3.7) 685 15 1.4 × 10−4 663 15.0
5 499 (3.5) 670 8 2.4 × 10−4 640 12.1
D/Os 495 (3.0) 668 (0.8) 740 240 2.0 × 10−2 720 2.9
D/Ru 492 (3.0) 647 1 3.2 × 10−5 628 12.5

aAbsorption and 298 K emission data were recorded from air-equilibrated acetonitrile solutions. Emission data at 77 K were collected from
butyronitrile rigid glasses. bOnly the lowest energy MLCT absorption band maxima are reported.

Figure 4. Luminescence spectra (uncorrected for PMT response) of 2
(blue lines) and 5 (red lines). Solid lines refer to emission spectra in
acetonitrile at room temperature, and dotted lines refer to emission
spectra in butyronitrile at 77 K.

Figure 5. Pictorial representation of the charge separation process
(indicated as electron transfer) and charge recombination (back
electron transfer) in a representative compound, 3. The charge
separation process could be regarded as a charge shift within the “tpy-
pyridinium” segmented ligand, as it corresponds to an electron density
shift from a terpyridine-based orbital toward a pyridinium-based one,
with the two subunits directly connected via the phenylene spacer.
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is to (slightly) reduce the driving force, is however often
neglected.
From the data in Tables 1 and 2, ΔG0

ET values for
photoinduced electron transfer in 1−5 are calculated and
shown in Table 3. The obtained values indicate that such an

excited-state decay process is (moderately) exergonic for 1 and
thermodynamically forbidden for 5, whereas for compounds 2−
4 the MLCT and CS states, that is the reactant and product of
the formal intramolecular photoinduced electron transfer, are
roughly iso-energetic. The modest (at the best) values of ΔG0

for photoinduced electron transfer calculated for all the series
of compounds justify the 77 K emission properties of 1−5, as
even in the case of 1, having the more favorable
thermodynamics at room temperature in fluid solution, the
destabilization of the charge-separated states and/or the
presence of nuclear barriers, well-known at 77 K in rigid
matrix,24,25 make electron transfer inefficient under these
conditions.
To investigate photoinduced electron transfer processes,

pump−probe transient absorption spectroscopy is quite useful.
Dyad 1 can be taken as a model species for photoinduced
electron transfer in this series of compounds. Indeed, as already
reported,6 upon light excitation at 400 nm the initial transient
spectrum (i. e., the transient spectrum recorded after 400 fs
from laser pulse), typical of Os-terpyridine 3MLCT states,
evolves to that attributed to a charge-separated product.
Indication for the CS state is a growing transient absorption
in the 500−550 nm range, characteristic of reduced expanded
(bi)pyridinium,6 which is concomitant with the decay of the
transient absorption due to the reduced terpyridine moiety
(550−700 nm).12b,26 The new transient spectrum directly
decays to the ground state (charge recombination). In a former
report,6 rate constants for charge separation and charge
recombination occurring in 1 were based on global fitting of
the data and were calculated to be about 12 and 35 ps,
respectively. Now, we repeated the experiments and found that
more precise values are 7 (±3) ps and 45 (±8) ps, respectively,
slightly correcting the former values. For comparison, the initial
transient absorption spectrum of D/Os, practically identical to
the initial transient spectrum of 1 except for the (expected)
small shift of the MLCT absorption bleaching, directly decays
to the ground state without any relevant spectral change.6

The time-resolved transient spectra of 2−4 are shown in
Figures 6−8. For all of them, besides the prominent bleach near

500 nm, attributed to the bleaching of the spin-allowed MLCT
absorption, a first process involving changes in the transient
absorption region due to reduced terpyridine (in the 550−650
nm spectral range and at wavelengths longer than 700 nm) is
observed, with a time constant of about 2−3 ps.27 A very similar
process was also exhibited by 1.6 This process, already reported
for ruthenium and osmium complexes with polypyridine-type
ligands carrying a phenyl substituent,12c,28 includes ultrafast
planarization of the phenylene ring bridging the inorganic
chromophore and the expanded pyridinium acceptor. However,
an internal conversion from the (higher-energy) MLCT state
involving the peripheral tolyl-terpyridine to the (lower-energy)
MLCT state involving the terpyridine linked via the phenylene
spacer to the acceptor unit, cannot be excluded. Successively,
spectral changes that are qualitatively similar to one another
occur for species 2−4. In summary, such spectral changes

Table 3. Driving Forces and Time Constants for Forward
Electron Transfer (ET) and Charge Recombination (CR) in
1−4 in Acetonitrile at Room Temperaturea

compound (k)ET
−1, ps ΔGET

0, eVb (k)CR
−1, ps ΔGCR

0, eVc

1 7 −0.25 45 −1.44
2 28d +0.12 2095e (41)f −1.81
3 20d −0.03 950g (575)f −1.66
4 35d +0.08 15000e −1.94

aCompound 5 is not reported here since its driving force for charge
separation (+0.22 eV, from eq 1) makes the process definitely
forbidden. bCalculated by eq 1. cFrom eq 3. dThis figure refers to
MLCT and CS equilibration processes (see text). eFrom luminescence
data. It is not the time constant for charge recombination but the
lifetime of the equilibrated state. fEstimated time constant for charge
recombination, according to eq 5 (see text). gLifetime of the
equilibrated state, from transient spectra decay. It is in good agreement
with the observed luminescence lifetime (1.1 ns, see Table 2). The
value derived from the transient data (950 ps) is preferred for
successive calculations of charge recombination rate constants.

Figure 6. Transient absorption spectra (TAS) of Os-based dyad 2 in
acetonitrile (λpump = 400 nm). Top panel: TAS registered in the first 3
ps after the pump pulse (note a first process with small changes in
absorption in the 550−650 nm spectral range). Middle panel: TAS
registered in the time range 4−26 ps (note the increase of transient
absorption in the 500−550 nm range simultaneous with a further
decrease of the absorption in the 550−650 nm range). Bottom panel:
TAS registered in the time range 26−3000 ps corresponding to the
decay to the ground state.
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consist of the increase of transient absorption in the 500−550
nm range, with a concomitant decrease of the absorption
related to the reduced terpyridine-based fragment in the 550−
700 nm range (see Figure 6, middle panel, and Figures 7 and 8,
top panels). Similar spectral changes are again qualitatively
similar to those already reported for 1, for which they were
attributed to the formation of the CS state.6 This suggests that
CS states are formed from the initially prepared MLCT states
also in 2−4. Rate constants for such processes are reported in
Table 3. Afterward, the so-formed transient spectra decay to the
ground state (Figures 6−8, bottom panels). For 2 and 3, the
transient spectra decay to the ground state within about 2 and 1
ns, respectively. In the case of 4, such a decay is extremely slow,
so that it cannot be fitted within 3.2 ns, which is the upper time
limit of our ultrafast equipment.
As regards 5, photoinduced electron transfer cannot take

place since the process is definitely endoergonic (+0.22 eV,
according to eq 1). In fact, its transient absorption spectra do
not exhibit the time evolution shown by those of 1−4, leading
to population of the CS state, but the relaxed MLCT state,
once formed, directly decays to the ground state on a time scale
that is longer than 3.2 ns (Figure 9), according to luminescence
lifetime data (i.e., 8 ns; Table 2).

At first glance, it is tempting to assign the decays of the final
transient spectra of 2−4 to charge recombination (CR), i.e. to
the direct decays of the charge-separated states to the ground
states. Incidentally, under this assumption, calculating the
approximate driving force for recombination, ΔG0

CR, from eq 3
(with E00 and ΔGET

0 having the meanings reported above, and
also using the rate constants for the formation of the CS state as
the electron transfer rate constants) and plotting ln k against
ΔG0 would surprisingly suggest that the forward and backward
electron transfer processes of all the complexes could lie on the
same Marcus-type curve (see Figure S20 in Supporting
Information). However, such a conclusion, which would
imply identical reorganization energies for the forward and
back electron transfer schematized in Figure 5, is clearly wrong.

Δ = + ΔG E GCR
0 00

ET
0

(3)

In fact, whereas the kinetic data for 1 refer to genuine charge
separation and recombination processes, this is not the case for
2−4, as also suggested by their incompletely quenched (Os) or
even enhanced (Ru) D-centered emission as compared to
reference D/Os and D/Ru respective models (Table 2).
Energies of MLCT and CS states for such dyads are so close

Figure 7. Transient absorption spectra (TAS) of Os-based dyad 3 in acetonitrile (λpump = 400 nm). Top panel: TAS registered in the first 35 ps after
the pump pulse (note the increase of transient absorption in the 500−550 nm range simultaneous with the decrease of the absorption in the 550−
650 nm range). Bottom panel: TAS registered in the time range 60−3000 ps corresponding to the recovery of the ground state. A quite broad
transient absorption is present at wavelengths longer than 700 nm for all the compounds here studied. The discussion of the transient spectra in
more detail than reported in the main text is quite difficult due to many possible transitions typical of the excited state.
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that thermal equilibration between the two states is feasible and
even quite probable. This requires that the back electron
transfer from the CS state to the MLCT state is faster than
charge recombination to the ground state, an expected behavior
because of thermodynamic and electronic considerations.29 The
features of the room-temperature emission exhibited by 2−4
(see Table 2) definitely indicate that the 3MLCT state is still
present even after the excited state decay leading to the CS

state has taken place (see ultrafast transient absorption data).
This can be rationalized assuming that the process occurring in
the 20−40 ps range in 2−4 is indeed an equilibration process,
leading to a mixture of CS and 3MLCT states. In this case, the
observed rate constants for the apparent formation of the CS
states are the summation of forward and backward electron
transfers, not the rate constants for the photoinduced electron
transfer (forward) process.30 The situation is reminiscent of
excited-state equilibration between closely lying 3MLCT states
and triplet π−π* levels of organic chromophores in some
multichromophoric systems based on polypyridine metal
complexes and fused aromatic hydrocarbons, capable of leading
to delayed and long-lived MLCT emission.31 The fact that the
measured kET values of dyads 2−4 are roughly constant (see
Table 3), in spite of changes in driving force for charge
separation, further supports the equilibrium hypothesis. In fact,
the experimental rate constant is the sum of forward and
reverse rate constants, and the expected changes in the two rate
constants in 2−4 will probably tend to cancel out in the sum.
With the reasonable assumption that direct decays from

MLCT and CS states to the ground state are negligible with
respect to excited-state equilibrium rate constants, the relative
percentages of MLCT and CS states at the equilibrium can be
obtained from the usual Boltzmann distribution, as in eq 4.

α = −ΔG k Texp( / )B (4)

In eq 4, α is the percentage of the higher energy state32 (with
(1 − α) the percentage of the lower-lying state), ΔG is the
energy difference between the two states (in this specific case,
assumed to be equivalent to ΔG0

ET), kB is the Boltzmann
constant, and T is the temperature. Because of the small values
of ΔGET

0 calculated for 2−4, and the approximations used (first
of all, the experimental uncertainty in redox potentials (10 mV)
and the approximation of W to zero), α absolute values
calculated by eq 4 should be considered with care. However,
eventual errors should be largely constant in the series, so the
results are expected to be qualitatively valid when internally
compared.
By using eq 4, the percentage of CS state at the equilibrium

increases on going from 2 and 4 (for both compounds, it is
calculated to be less than 10%) to 3, for which it is calculated to
be about 60%. Apart from the effective percentages, and also
considering the differences between A2 and A3/4 (that are the
pyridinium subunits present in 2 and in 3 and 4), so that
corresponding reduced species may show slightly different
absorption spectra (e.g., see Supporting Information Figures
S21−S22 for the spectroelectrochemistry of A2 and A3/4), the
comparison between the transient absorption spectra of 2−4
after the occurrence of the equilibration process (Figures 6−8)
indicates that the peak at about 540 nm, characteristic of the CS
state, is more prominent in 3, thus confirming that the
equilibrated excited state of this latter species has a larger
percentage of CS state compared to molecular dyads 2 and 4.
According to the excited-state equilibration hypothesis, the

experimental rate constants for the processes leading to the
ground state for compounds 2−4 are not charge recombination
rate constants but refer to the overall decay of the equilibrated
state. In a first approximation, the charge recombination rate
constants from the CS states to the ground state can still be
calculated, by using eq 5.

= × + ×k k kMLCT CSexp percentage MLCT percentage CR (5)

Figure 8. Transient absorption spectra (TAS) of Ru-based dyad 4 in
acetonitrile (λpump= 400 nm). Top panel: TAS registered in the first 35
ps after the pump pulse (note the increase of transient absorption in
the 500−550 nm range simultaneous with the decrease of the
absorption in the 550−700 nm spectral range). Bottom panel: TAS
registered in the time range 60−3000 ps corresponding to the initial
recovery of the ground state.

Figure 9. Transient absorption spectra (TAS) of Ru-based dyad 5 in
acetonitrile (λpump= 400 nm), registered in the time range 0.8 ps to 3
ns after the pump pulse.
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In eq 5, kexp is the experimental rate constant of the overall
equilibrated state, which is obtained from transient data for 2
and 3 and from luminescence data for 4. MLCT and CS
percentages are the same percentages as those calculated by eq
4 (see above). kMLCT is the reciprocal of the emission lifetime of
the corresponding model species (i.e, the intrinsic decay of the
MLCT state, in the absence of the pyridinium unit). Actually,
this calculation can be attempted only for the osmium species,
for which the perturbation of the acceptor subunits on the
MLCT state is relatively small (see above), so that D/Os can
be considered a sufficiently good model to which to refer. It is
not applicable to 4, since the emission data suggest that the D/
Ru model has MLCT excited-state energy and therefore decay
dynamics, much too different from that of 4 (see Table 2; in
particular, 77 K emission data are quite informative on this
issue). So, the rate constant of the intrinsic decay processes of
the MLCT state of D/Ru cannot be used as a model for the
kMLCT value of 4.
From eq 5, time constants for charge recombination from the

CS state to the ground state are 41 and 575 ps for 2 and 3,
respectively (Table 3; note that the α value in eq 4 is not
related to the same state in the series of compounds;32 this
should be carefully considered when performing calculations).
When the time constant for charge recombination in 1 is also
considered (45 ps) and the kCR’s of the series are compared to
the driving force ΔGCR

0 values (Table 3), it appears that no
obvious relationship exists between driving force and rate
constant for the process. This finding indicates that compounds
1−3 are not members of a homologous series as regards
intercomponent electron transfer processes, thereby testifying
that the pyridinium-based acceptor subunits in 1−3(4) are
different from one another as far as both the localization of the
LUMO (the acceptor orbital of the CS state) and nuclear
reorganization connected to electron transfer processes are
concerned. Indeed, LUMO is essentially localized on the
pendant pyridylium N-group for the dicationic acceptor
component of 1, whereas it is located on the pyridinium core
in the other dyads.9−11,17 As regards redox-induced rearrange-
ments, they essentially relate back to the branched (TP type in
1 and 2) and fused (fTP type in 3 and 4) natures of acceptor
subsystems.
A final comment is warranted as far as the luminescence

properties of the ruthenium species here studied are concerned.
For both 4 and 5, emission lifetimes at room temperature are
longer (and quantum yields are larger) than that of their model
species D/Ru (Table 2). This is in line with the MLCT decay
of Ru-terpyridine compounds.15,19 In fact, in these species, the
main pathway for excited state decay is the thermally activated
radiationless decay that involves an upper-lying metal-centered
(MC) level close in energy. In such a type of compound,
decreasing the energy of the MLCT state (following the impact
of the electron-withdrawing effect exerted by the weakly
interacting A component) has the effect of increasing the
energy barrier between MLCT and MC levels (on assuming
that the energy of the MC level remains unchanged, as
expected for the present compounds), so that the efficiency of
the thermally activated process is ultimately decreased and the
luminescence properties are improved.15,33

■ CONCLUSION
A series of molecular dyads 2−5 built from Os(II)−or Ru(II)−
bis-terpyridine subunits as photosensitizers (D) and expanded
pyridinium units as electron acceptors (A) has been prepared,

and its absorption spectra, redox behavior, and photophysical
properties have been studied, together with corresponding
features of the already reported compound 1, here included as a
reference compound for charge separation. The spectroscopic
and redox data indicate that the chromophoric (D) and
electron accepting (A) subunits are only weakly interacting in
the ground state, the intercomponent electronic interaction
being however larger for the Ru(II) compounds than for the
Os(II) species.
Whereas for 5 the 3MLCT state is the lowest-energy level of

the whole compound (so once formed, it directly decays to the
ground state), in the multicomponent systems 2−4 the energy
of the 3MLCT state is close to the energy of the charge-
separated (CS) state obtained by photoinduced electron
transfer from the 3MLCT level to the expanded pyridinium
unit (Figure 10). This allowed us to investigate the effect of

excited-state equilibration between MLCT and CS states on the
room temperature photophysical properties of the compounds.
In particular, 2−4 exhibit MLCT emission, whose lifetimes and
quantum yields depend on the equilibration ratio between the
equilibrated states. This definitely indicates that the presence of
CS states, even when the photoinduced electron transfer is
(moderately) endoergonic, cannot be neglected to interpret the
luminescence properties of multicomponent compounds.
The presence of the CS state is evidenced in 2−4 by

transient absorption spectroscopy, via formation of the reduced
pyridinium subunit(s) as chromophoric probes in the 520−560
nm region, with time constants of a few dozens of picoseconds.
However, such experimental time constants are not due to
photoinduced charge separation but are related to the excited-
state equilibration times. The time constants for charge
recombination from the CS states for 2 and 3 can be estimated
by thermodynamic and kinetic model data, and when the
related data for 1 are also considered, it is clear that, in spite of
the apparent similitude in structures, the molecular dyads
investigated here do not represent a homologous series as far as
intercomponent electron transfer processes are concerned.
Overall, the present study provides further insight into the

manner by which intramolecular photoinduced electron
transfers can occur within multicomponent systems in spite
of driving forces virtually approaching zero. Moreover, this
work also demonstrates the methodological relevance of the
detailed investigation of series of compounds that undergo such
phenomena and share closely affiliated features at both
structural and electronic levels when it is a matter of identifying
and disentangling the subtle factors that will serve for
subsequent design of functional assemblies intended to finely
manage processes as sensitive as photoinduced electron
transfers. In particular, within the framework of artificial

Figure 10. Energy level diagram: pictorial representation of various
cases (GS = ground state, Exc. = excitation, Rel. = relaxation and ET =
electron transfer). For details, see main text.
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photosynthesis, one can envision conceiving new photo-
chemical molecular devices that rely on charge-separation
processes with such very low driving forces to minimize energy
loss during some energy transduction steps.

■ EXPERIMENTAL SECTION
Syntheses, Characterization, and General Experimental

Details. Materials, syntheses of organic ligands and related inorganic
dyads, along with full characterizations are provided in the Supporting
Information.
Crystal Structure Determination. Highly instable tiny plate

crystals could be hardly grown from an acetonitrile/diethyl ether
mixture. Intensity data were collected at a low temperature (113 K) on
a Bruker APEX-II diffractometer (IμS, Cu Kα, λ = 1.54178 Å, graphite
monochromator) in ω and ϕ scan modes, with sample-to-detector
distances of 50 mm. The data were corrected for Lorentz, polarization,
and absorption effects. The structure was solved by direct methods
with SIR201134 and refined by full-matrix least-squares based on F2

using SHELXTL.35 CCDC-942738 contains the supplementary
crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via www.
ccdc.cam.ac.uk/data_request/cif
Crystal Data for [5](PF6)3. (C66H44N7Ru)·3(PF6)·(CH3CN)·1.25-

(C2H5OC2H5)·1.25(H2O), M = 3266.0, monoclinic, P2/c (No. 13), a
= 20.2820(9), b = 8.4250(4), c = 40.1465(18)Å, α = 90.000, β =
91.210(3), γ = 90.000°; V = 6858.5(5), Z = 2, ρcalc = 1.568 g cm−3, μ =
3.435 mm−1, F(000) = 3261.0, 68 301 observed reflections (2θmax =
134.7°, Rint = 0.098). The asymmetric unit contains one tricationic
complex, three hexafluorophosphate anions distributed over four
sitesall but one being disordered or having partial occupancyone
acetonitrile, two disordered diethyl ether, and two half-water
molecules. Anisotropic least-squares refinements were carried out for
all non-hydrogen atoms. Hydrogens were included in calculated
positions according to a riding model; no hydrogen atom was defined
for solvent molecules. Similarity (σ = 0.04), planarity (σ = 0.1), and
bond distance (σ = 0.05) restraints were applied to all species.
Refinements: R[F2 > 2σ(F2)] = 0.099, R (all data) = 0.123, wR2 (all
data) = 0.229, S = 2.09 for 10 406 data, 4555 restraints, and 1110
parameters. Final difference Fourier synthesis shows two maxima (3.5
and 3.1 e/Å3) close (1.07 and 1.08 Å) to the position of the Ru atom,
similarly to the crystal structure of previously reported cationic bis-
terpyridyl ruthenium(II) complexes.5b,12a This feature may indicate
that the crystal contains a minor twin component, as also suggested by
about a hundred reflections having observed intensities strongly larger
than the calculated one. The next maxima of residual electronic
densities stand in the expected range (<0.7 eÅ−3).
Electrochemical Measurements. Electrochemical experiments

were carried out with a conventional three-electrode cell and a PC-
controlled potentiostat/galvanostat (Princeton Applied Research Inc.
model 263A). The working electrode was a platinum electrode from
Radiometer-Tacussel (area, 0.0314 cm2; diameter, 2.0 mm) mounted
in Teflon. Platinum wire was used as the counter-electrode and a
saturated calomel electrode (SCE) as the reference. Electrolytic
solutions, MeCN (Aldrich, anhydrous, 99.8%) containing 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF6, Aldrich, +99%)
as a supporting electrolyte, were routinely deoxygenated by argon
bubbling. All potential values are given versus the SCE. The reported
numerical values (Table 1) were corrected by using a dissolved Fc+/Fc
couple as an internal reference and by setting E1/2 (Fc

+/Fc) equal to
+0.380 V vs SCE in MeCN.36 Cyclic voltammetry experiments were
conducted at a scan rate of 0.1 V s−1. Experimental uncertainty on
potential values is 10 mV.
UV−Vis−NIR Spectroelectrochemistry. UV−vis−NIR spectroe-

lectrochemical measurements were obtained with the optically
transparent thin-layer electrode (OTTLE) cell of the construction
described previously.17 The inlet and outlet openings allowed filling
the cell with degassed samples under anaerobic conditions. Cyclic
voltammograms were obtained concurrently with the UV−vis−NIR
spectra using a potentiostat/galvanostat EG&G 263 (Princeton

Applied Research, U.S.A.) at scan rates of 20 mV s−1, while the
spectra were sampled every 2 s using a diode-array UV−vis−NIR
spectrometer (Agilent, model 8453). TBAPF6 (+99%), supporting
electrolyte, and acetonitrile solvent (anhydrous, 99.8%) were supplied
by Sigma-Aldrich and dried before use.

Absorption Spectra and Photophysical Properties. UV−vis
absorption spectra were taken on a Jasco V-560 spectrophotometer.
For steady-state luminescence measurements, a Jobin Yvon-Spex
Fluoromax 2 spectrofluorimeter was used, equipped with a
Hamamatsu R3896 photomultiplier. The spectra were corrected for
photomultiplier response using a program purchased with the
fluorimeter. For the luminescence lifetimes, an Edinburgh OB 900
time-correlated single-photon-counting spectrometer was used. As
excitation sources, a Hamamatsu PLP 2 laser diode (59 ps pulse width
at 408 nm) and/or the nitrogen discharge (pulse width 2 ns at 337
nm) were employed. For luminescence quantum yield, the optically
dilute method was employed,37 using [Ru(bpy)3]

2+ in air-equilibrated
aqueous solution as a quantum yield standard (Φ = 0.028).38 Time-
resolved transient absorption experiments were performed by using a
pump−probe setup based on the Spectra-Physics MAI-TAI Ti:sap-
phire system as the laser source and the Ultrafast Systems Helios
spectrometer as the detector. The pump pulse was generated with a
Spectra-Physics 800 FP OPA. The probe pulse was obtained by
continuum generation on a sapphire plate (spectral range, 450−800
nm). The effective time resolution was ca. 200 fs. The temporal chirp
over the white-light in the 450−750 nm range was ca. 150 fs. The
temporal window of the optical delay stage was 0−3200 ps. The time-
resolved data were analyzed with the Ultrafast Systems Surface
Explorer Pro software. Experimental uncertainties on the absorption
and photophysical data are as follows: absorption maxima, 2 nm; molar
absorption, 15%; luminescence maxima, 4 nm; luminescence lifetimes,
10%; luminescence quantum yields, 20%; transient absorption decay
and rise rates, 10%.

■ ASSOCIATED CONTENT

*S Supporting Information
Experimental details for the synthesis and characterization of
new compounds and precursors including 1H NMR (500
MHz) and 13C NMR (126 MHz) spectra as well as ESI mass
spectra; cyclic voltammograms of dyads 1−5; apparent Marcus
relationship; UV−vis spectroelectrochemical study (reduction
regime) of model acceptors A2 and A3/4. X-ray crystallo-
graphic data for [5](PF6)3 in CIF format. This material is
available free of charge via the Internet at http://pubs.acs.org.
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