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ABSTRACT: A very efficient metal-mediated strategy led, in a single step, to a quantitative
construction of a new three-component multichromophoric system containing one
fullerene monoadduct, one aluminium(III) monopyridylporphyrin, and one ruthenium(II)
tetraphenylporphyrin. The Al(III) monopyridylporphyrin component plays the pivotal role
in directing the correct self-assembly process and behaves as the antenna unit for the
photoinduced processes of interest. A detailed study of the photophysical behavior of the
triad was carried out in different solvents (CH2Cl2, THF, and toluene) by stationary and
time-resolved emission and absorption spectroscopy in the pico- and nanosecond time
domains. Following excitation of the Al−porphyrin, the strong fluorescence typical of this
unit was strongly quenched. The time-resolved absorption experiments provided evidence
for the occurrence of stepwise photoinduced electron and hole transfer processes, leading
to a charge-separated state with reduced fullerene acceptor and oxidized ruthenium
porphyrin donor. The time constant values measured in CH2Cl2 for the formation of
charge-separated state Ru-Al+-C60

− (10 ps), the charge shift process (Ru-Al+-C60
− → Ru+-Al-C60

−), where a hole is transferred
from Al-based to Ru-based unit (75 ps), and the charge recombination process to ground state (>5 ns), can be rationalized
within the Marcus theory. Although the charge-separating performance of this triad is not outstanding, this study demonstrates
that, using the self-assembling strategy, improvements can be obtained by appropriate chemical modifications of the individual
molecular components.

■ INTRODUCTION

Artificial photosynthesis, that is, the conversion of solar energy
into fuels, is an attractive potential solution to the global energy
problem.1−11 Mimicking natural photosynthesis, artificial
systems featuring light-driven functions, like the antenna
effect12−21 and charge-separation,22−27 have been thoroughly
studied in recent years. As these functions generally rely on the
occurrence of very specific sequences of intercomponent
energy or electron transfer elementary steps, a very precise
spatial organization of molecular components (chromophores,
electron donors, and acceptors) must be synthetically achieved.
In this context, we have previously synthesized a series of
multicomponent arrays with the desired photoinduced proper-
ties by self-assembly of appropriate subunits.21−25 In particular,
some years ago we described the quantitative self-assembly of a
photoactive nonsymmetric triad obtained from the axial
coordination of a naphthalenediimide (electron acceptor
unit), to an aluminium(III) porphyrin (central photoexcitable
sensitizer) which, in turn, is axially bound to a ruthenium(II)
porphyrin (electron donor unit) (NDI−AlMPyP−RuP, Chart
1).23 The selective affinity of the two different metal centers,
aluminium (hard center) and ruthenium (soft center) toward

Chart 1. Triad System NDI−AlMPyP−RuP
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oxygen or nitrogen ligands, respectively, is crucial for the
efficient self-sorting of the desired three-component product.
Ultrafast spectroscopy experiments upon excitation of the

aluminium porphyrin provide clear evidence for the occurrence
of stepwise electron (3 ps) and hole transfer (35 ps), leading to
a charge-separated state with reduced acceptor and oxidized
donor (NDI−-AlMPyP-RuP+), with a lifetime in the few
nanoseconds range. More recently, aluminium(III) porphyrins
have been successfully used by van der Est and co-workers as
chromophoric units for constructing several triads performing
long-lived light-induced charge separation by sequential
electron transfer.27−30 In particular, they reported an important
and thorough photophysical study using both time-resolved
absorption and EPR technique on a series of linear systems
where tetrathiafulvalene as a donor and a fullerene unit as an
acceptor are bound to the aluminium center on opposite faces
of the porphyrin with bridges of different length.30 These
systems, although structurally different from the triad of Chart
1, were designed for the same purpose, that is, to take
advantage of the distinctive properties of aluminium(III)
porphyrin chromophoric component to obtain photoinduced
charge-separating triad systems. In the present work, to
improve the performance of this type of system, we have
pursued the preparation of a new triad where we have varied
the nature of one of the building blocks, replacing the
naphthalenediimide with a C60 component (Chart 2).

This component has been widely used by several groups as
an electron acceptor in the design of artificial photosynthetic
systems31−41 given its peculiar and useful properties: (i) low
and reversible first reduction potential and (ii) small
reorganization energy, which tends to increase the rate of
charge separation and decrease that of charge recombina-
tion.42−45

In this work, we report the synthesis and characterization in
different solvents of this new triad. The photophysics is
thoroughly investigated by time-resolved techniques in the
picosecond time domain, with particular attention to the
photoinduced charge separation, hole transfer, and recombina-
tion processes.

■ EXPERIMENTAL SECTION

Materials. All reagents were purchased from Sigma-Aldrich
and used without further purification. Spectroscopic grade and
electrochemical grade solvents were used for the photophysical
and electrochemical measurements. Deuterated dichlorome-
thane was purchased from CIL. 5-(4′-Pyridyl)-10,15,20-
(phenyl)-porphyrin (MPyP) and meso-tetraphenylporphyrin
(TPP) were synthesized and purified according to literature
methods.46 5-(4′-Pyridyl)-10,15,20-(3,5-di-tert-butylphenyl)-
porphyrinato-(hydroxo)aluminium(III) (AlMPyP),23 meso-(4-
tert-butyl)-tetraphenylporphyrinato-(carbonyl)ruthenium(II)
(RuP),47 and 1-methyl-2-(4-carboxybenzyl)-3,4-fulleropyrroli-
dine (C60)

27 were synthesized and purified as described in the
literature. The model compounds, meso-(4-tert-butyl)-tetraphe-
nylporphyrinato-(pyridyl-carbonyl)ruthenium(II) RuP(py)48

and meso-(3,5-di-tert-butyl)-tetraphenylporphyrinato-
(benzoate)aluminium(III) AlP(ba),49 were prepared as pre-
viously reported.

Instrumental Methods. Mono- and bidimensional NMR
experiments (1H, H−H COSY, H−C COSY) were recorded on
a Varian 500 (500 MHz) spectrometer. All spectra were run at
room temperature; 1H chemical shifts were referenced to the
peak of residual nondeuterated solvent [δ (ppm) = 5.31
(CH2Cl2)]. Infrared spectra were recorded on a PerkinElmer
FT-IR 2000 spectrometer in the transmission mode, and the
samples were prepared as KBr pellets.
UV−vis absorption spectra were recorded on a Jasco V-570

UV/vis/NIR spectrophotometer. Emission spectra were
acquired on a Horiba-Jobin Yvon Fluoromax-2 spectrofluorim-
eter, equipped with a Hamamatsu R3896 tube. Fluorescence
lifetimes were measured using a time-correlated single photon
counting (TSPC) apparatus (PicoQuant Picoharp 300)
equipped with subnanosecond LED sources (280, 380, 460,
and 600 nm; 500−700 ps pulse width) powered by a
PicoQuant PDL 800-B variable (2.5−40 MHz) pulsed power
supply. The decays were analyzed by means of PicoQuant
FluoFit Global fluorescence decay analysis software.
Transient absorption experiments based on femtosecond

laser photolysis were performed using two different setups. (1)
In Erlangen, the measurements were carried out using an
amplified Ti/sapphire laser system CPA-2111 fs laser (Clark
MXR, output: 775 nm, 1 kHz, and 150 fs pulse width) with a
transient absorption pump/probe detection system equipped
with a visible and NIR detector (TAPPS Helios, Ultrafast
Systems). The excitation wavelength (550 nm) was generated
with an NOPA Plus (Clark MXR); pulse widths < 150 fs with
an energy of 200 nJ were selected. (2) In Ferrara, the
measurements were performed using a pump−probe setup
based on a Hurricane Spectra-Physics Hurricane Ti:sapphire
laser source (fwhm = ca. 130 fs) and Ultrafast Systems Helios
spectrometer equipped with a TAPPS-Helios with a detection
range between 450 and 800 nm (Ultrafast Systems) transient
absorption spectrometer. The excitation pulses (590 nm) were
generated with an OPA (Spectra Physics 800 OPA). Probe
pulses were obtained by continuum generation on a sapphire
plate (useful spectral range: 450−800 nm). Effective time
resolution ca. 200 fs, and a temporal window of the optical
delay stage of 0−2000 ps. The time-resolved spectral data were
deconvoluted to correct for spectral chirp and thus analyzed
with Ultrafast Systems Surface Explorer Pro.50

Cyclic voltammetric measurements were carried out with a
PC-interfaced EcoChemie Autolab/Pgstat30 Potentiostat.

Chart 2. Triad System C60-AlMPyP-RuP
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Argon-purged solutions in CH2Cl2 (Romil, Hi-dry) containing
0.1 M (TBA) (PF6) (TBA = tetrabutylammonium, Fluka,
electrochemical grade; dried in oven) were used. A conven-
tional three-electrode cell assembly was used.
Synthesis of C60-AlMPyP-RuP. AlMPyP (14.9 mg, 0.015),

RuP (14.5 mg, 0.015 mmol), and C60 (13.5 mg, 0.015 mmol)
were dissolved in chloroform (30 mL). The solution was stirred
at room temperature for a few minutes, and the solution turned
from red-violet to violet almost instantly. The concentration of
the solution in vacuo to approximately half of its original
volume and the subsequent addition of n-hexane induced the
precipitation of the product as a red-violet powder, which was
collected by filtration, washed with n-hexane, and vacuum-
dried. Yield 40.5 mg (95%). 1H NMR (δ, 500 MHz, CD2Cl2):
9.05−8.91 (m, 4H, β4Al+ β3Al), 8.78 (s, 8H, βRu), 8.74−8.69 (m,
2H, β2Al), 8.26 (d, J = 7.9 Hz, 4H, oRu), 8.12 (d, J = 7.9 Hz, 4H,
o′Ru), 8.05−7.87 (br, m, 6H, oAl+o′Al), 7.82 (d, J = 8.0 Hz, 4H,
mRu), 7.79 (s, 3H, pAl+p′Al), 7.72 (d, J = 7.9 Hz, 4H, mRu), 7.52
(d, J = 4.9 Hz, 2H, β1Al), 6.69 (br, s, 2H, b), 6.00 (d, J = 5.5 Hz,
2H, pyb), 4.81(d, J = 7.9 Hz, 2H, a), 4.61 (d, J = 9.4 Hz, 1H,
HB), 4.29 (s, 1H, HA), 3.87 (d, J = 9.4 Hz, 1H, HC), 2.20 (s,
3H, CH3), 1.89 (d, J = 5.3 Hz, 2H, pya), 1.60 (s, 36H, tBuRu),
1.44 (s, 54H, tBuAl).

13C NMR (δ, HSQC, CD2Cl2): 142.42
(CaAl), 133.96 (CoHRu), 132.46 (Cβ4Al), 132.25 (Cβ3Al, β2Al),
131.87 (CβRu), 129.64 (Cβ1Al), 129.10 (CoHAl), 126.49 (CbAl),

123.55 (CmHRu), 123.27 (CmHRu), 121.50 (CpHAl), 39.03
(CCH3C60), 31.20 (CtBuRu,tBuAl). Selected IR bands (cm−1, KBr
pellets, Figure S1): 1952 (s, νCO), 1592 (s, νCOacid). UV−vis
(λmax, nm, CH2Cl2): 416, 542, 587sh, 638.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. The quantitative and
selective one-pot self-assembly of the three-component photo-
active system C60-AlMPyP-RuP was efficiently achieved at
room temperature by simply mixing the individual compounds
(in a stoichiometric ratio) in CH2Cl2 solution as reported in
Scheme 1.
In particular, the coordination of the carboxylic group to the

Al(OH)-porphyrins occurs with the loss of one molecule of
H2O, which leads to the attachment of a benzoate group. C60-
AlMPyP-RuP was fully characterized in solution by means of
one-dimensional (1D) and two-dimensional (2D) NMR
experiments (Figure 1 and Figures S2 and S3). In Figure 1,
the proton NMR spectrum of the adduct is reported. All the
assignments were made by means of 2D experiments, and the
corresponding resonances show the correct relative integra-
tions. As demonstrated in previous works,23,26 the proton
resonances of the benzoate moiety of the fullerene ligand (H3,5
and H2,6) and the resonances of the beta protons (β1−4) and of

Scheme 1. Self-Assembly of the Three-Component System C60-AlMPyP-RuP from the Starting Building Units C60, AlMPyP, and
RuP
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the protons of the pyridyl group (a and b) of the aluminium
porphyrin unit show an upfield shift due to the shielding cone
of the porphyrin macrocycles.
Stability in Solution, Spectroscopic and Electro-

chemical Properties. The spectroscopic and the electro-
chemical behavior of the self-assembled system was thoroughly
investigated in comparison with model compounds representa-
tive of the individual components namely C60, AlP(ba) and
RuP(py) (see Figure 2).
As already observed for related side-to-face and axially

coordinated assemblies,23−25 the triad C60-AlMPyP-RuP
system of this work is truly supramolecular in nature as
demonstrated by the appreciable additivity of the absorption
spectra of the component subunits and of the redox properties
(vide infra). The selective affinity of the two different metallo-
porphyrin toward nitrogen (Ru(II) porphyrin) or oxygen
(Al(III) porphyrin) ligands, together with the inert nature of
the established coordination bonds, guarantee a high stability of
the assembly. All the photophysical experiments refer to freshly
prepared solutions at concentrations higher than 5 × 10−5 M.
In these conditions, the array studied was found to be intact as
checked by concentration-dependent spectrofluorimetric meas-
urements.23

The absorption spectrum of the triad C60-AlMPyP-RuP
(Figures S4 and S5) measured in the UV and visible regions is a
good superposition of those of the molecular components,
clearly indicating the supramolecular nature of the system
studied. The spectrum of C60-AlMPyP-RuP in the visible
region is shown in Figure 3.

The optical absorptions of AlMPyP and RuP chromophoric
units are overlapping with Soret bands around 420 nm and Q-
bands between 500 and 700 nm.51 In this region, the
contribution of the fullerene unit is totally negligible.
Taking the former into account, selective excitation of the

single chromophores is not feasible. However, the supra-
molecular character of the system permits a reasonable
estimation of the amount of light absorbed by the two types
of chromophores at different wavelengths. In practice, 550 and
590 nm were found to be convenient wavelengths for the
efficient (70% and 90%, respectively) excitation of the AlMPyP
component. The spectral features of Figure 3 remain almost
unchanged by changing the solvent from dichloromethane to
toluene (Figures S4 and S5), the only difference being a small
blue shift (2−3 nm) for the Q-bands.
The electrochemical properties of the C60-AlMPyP-RuP

triad were examined by cyclic voltammetry (CV, electro-
chemical window from +1.5 to −1.5 V) in a CH2Cl2 solution
(Figure S6). For comparison, the model compounds were
studied in the same experimental conditions. The results are
summarized in Table 1. As expected by a comparison with
similar systems,23−25 this voltammetric behavior is a good
superposition of those of the molecular components,
confirming the supramolecular nature of the system inves-
tigated. For example, in the triad, the two reductions of the
fullerene units, the reduction of the aluminium porphyrin, the
oxidation of the ruthenium porphyrin, and the oxidation of the
aluminium porphyrin can easily be assigned as their potentials

Figure 1. 1H NMR (500 MHz, CD2Cl2) spectrum of C60-AlMPyP-
RuP.

Figure 2. Schematic representation of the model compounds: C60, AlP(ba), and RuP(py).

Figure 3. Absorption spectra in the visible region of C60-AlMPyP-RuP
(continuous red line) and of its molecular components (AlP(ba),
black line, RuP(py), green line, and C60 blue line) in CH2Cl2. The
arithmetic sum of the spectra of the three components is also reported
(dotted red line).
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are practically identical, within experimental error, to those of
the constituent units.
Photophysical Characterization of the C60-AlMPyP-

RuP Triad. The photophysical behavior of the new triad was
thoroughly investigated in dichloromethane, THF, and toluene,
upon visible excitation, by steady-state and time-resolved
absorption and emission spectroscopy, also in comparison
with that of model compounds.
Emission Measurements. At room temperature, a solution

of the triad showed the typical Al-porphyrin fluorescence with
prominent vibronic bands at 608 and 650 nm (Figure 4); even
when taking a close look into the 700−750 region, no C60-
centered fluorescence was observed, either in CH2Cl2 or in less
polar solvents (e.g., toluene).52

Comparative experiments, carried out on optically matched
solutions of the triad and the AlP(ba) model at λexc = 550 nm,
indicate that, in the triad, the intense fluorescence characteristic
of the Al-porphyrin unit, although maintaining the same
emission pattern, is strongly quenched (Φ0/Φ ≥ 90, where Φ0
and Φ are the fluorescence quantum yields of the AlP(ba)
model and of the triad, respectively) (Figure 4). Single photon
counting experiments demonstrate that the lifetime of the
residual fluorescence lies below the instrumental resolution of
the TC-SPC technique (i.e., < 250 ps) (Figure S7) clearly
indicating that, in the triad system, the fluorescence lifetime is
dramatically quenched compared with the AlP(ba) model.53

Ultrafast Transient Absorption Spectroscopy. To
access shorter time scales and obtain insights into the
quenching mechanism, ultrafast transient absorption experi-
ments were performed in different solvents (dichloromethane,
toluene, and tetrahydrofuran) using different experimental
setups and excitation wavelengths.

In order to interpret the results, it is useful to construct a
simplified energy level diagram for the triad (Figure 5), where,

besides the localized excited states of the Ru-based and Al-
based chromophores,54−56 three intercomponent charge
separated states must be considered: (i) a state in which the
ruthenium-based unit is oxidized and the aluminium-based unit
is reduced (Ru+-Al−-C60), (ii) a state in which the aluminium-
based unit is oxidized and the C60 unit is reduced (Ru-Al+-
C60

−), and (iii) a state in which the ruthenium-based unit is
oxidized and a C60 unit is reduced (Ru+-Al-C60

−). The energy
of these states in CH2Cl2 solution can be calculated from the
measured redox potentials (Table 1) with appropriate
correction for the electrostatic work term estimated according
to standard procedures.57,58 Within the limits of this type of
calculation, Ru+-Al−-C60 is estimated to lie at 1.83 eV, Ru-Al+-
C60

− at 1.53 eV, and Ru+-Al-C60
− at 1.34 eV.

From inspection of this energy level diagram (Figure 5), it
appears immediately clear that, upon excitation of the AlMPyP
chromophore, various quenching pathways are thermodynami-
cally feasible in this system. Ultrafast spectroscopy experiments
are crucial to establish the processes responsible for the
photophysical deactivation of the triad. Transient absorption
spectra in CH2Cl2 obtained at different time delays upon
excitation at 550 nm are shown in Figure 6.
The initial spectrum, taken immediately after the laser pulse

(t = 1 ps) (Figure 6a), is the typical spectrum of the Al−
porphyrin unit singlet excited state.23,30 It is characterized by (i)
an intense absorption band peaking at 455 nm, (ii) a broad
positive absorption at longer wavelengths (600−720 nm), with
superimposed apparent bleaches at 600 and 650 nm caused by
stimulated emission, and (iii) a broad positive absorption in the
1200−1350 nm region peaking at 1240 nm.59 The transient
spectral changes show a triphasic behavior, with different
spectral changes taking place in the 1−25 ps (Figure 6a), in the
25−200 ps (Figure 6b), and in 200−5000 ps time ranges
(Figure 6c). In the early time scale (1−25 ps, Figure 6a),
absorption features due to the disappearance of the singlet
excited state of AlMPyP unit (the disappearance of the
stimulated emission and a reduction in the absorption bands at
455 nm and at 1240 nm), and to the formation of the radical

Table 1. Electrochemical Data for C60-AlMPyP-RuP and the
Reference Compoundsa

reduction oxidation

AlP(ba)b − 1.21 + 0.88
RuP(py)b + 0.78
C60 −1.04 − 0.65
C60-AlMPyP-RuP −1.21 − 1.07 − 0.67 + 0.77 + 0.96

aAll measurements were made in argon deaerated CH2Cl2 solutions at
298 K, 0.1 M TBA(PF6) as the supporting electrolyte, scan rate 200
mV/s, SCE as the reference electrode, ferrocene (0,46 V vs SCE) as
the internal standard, and glassy carbon as the working electrode. Half
wave potential in cyclic voltammetry (ΔEp = 60−80 mV). bRef 23.

Figure 4. Emission spectra of the triad (red line) and AlP(ba) model
compound (black line) under the same experimental conditions (λexc =
550 nm) at room temperature in a CH2Cl2 solution.

Figure 5. Energy diagram and photophysical mechanisms for the C60-
AlMPyP-RuP triad in CH2Cl2. Shorthand notation: AlMPyP = Al and
RuP = Ru.
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cation of AlMPyP unit (an increase in a broad absorption band
in the 600−650 nm range) together with the formation of the
radical anion of C60 component (growth of a characteristic
absorption centered around 1000 nm) are clearly discernible.
These spectral changes are relatively small, but the signatures of
the radical anion of the fullerene unit provide direct evidence
for the formation of a charge-separated state in which the
AlMPyP unit is oxidized and the fullerene is reduced (Ru-Al+-
C60

−). Importantly, the Ru-Al+-C60
− features grow in a time

scale that matches the decay of the AlMPyP singlet excited
state, confirming that, in less than 25 ps after excitation, a
photoinduced electron-transfer process from the AlMPyP
excited state to the C60 unit occurs (Figure 6a). Kinetic

analysis of the spectral changes at 1240 nm (disappearance of
the AlMPyP singlet excited state) and at 1003 nm (formation
of the radical anion of C60) (Figure 7a) yields a very similar
time constant value of ca. 10 ± 5 ps. This value is consistent
with that obtained from kinetic analysis at 650 nm (Figure 7b)
where the formation of the radical cation of AlMPyP is
observed.
In the subsequent time range (25−200 ps, Figure 6b), the

most evident feature is a strong decrease and a shift to the red
of the sharp band at 450 nm. These transient changes are
consistent with the disappearance of the AlMPyP radical cation
together with the formation of the RuP radical cation. This
species exhibits a broad absorption with a maximum at around
480 nm (see the spectrum of the radical cation of RuP obtained
in spectroelectrochemical experiments, reported in ref 23).
Kinetic analysis of spectral changes at 650 nm (Figure 7b) and
at 450 nm (Figure S8) gives a time constant of 75 ± 10 ps for
the disappearance of the AlMPyP radical cation.
It is important to note that the absorption of the radical

anion of C60, easily recognized around 1000 nm, is constant in
this time range (25−200 ps, see Figure 6b). In this regard, the
transient spectrum recorded with a 100 ps delay is particularly
informative because the absorption band, peaking at 1240 nm
due to the singlet state of AlMPyP unit, has completely
disappeared, while the intensity of the signal of C60

− has not
changed. Overall, these observations can easily be assigned to
the hole charge shift from the AlMPyP unit to the RuP unit
(i.e., from Ru-Al+-C60

− to Ru+-Al-C60
−). This process is

sufficiently fast (ca. 75 ps) to compete favorably with primary
charge recombination (see energy level diagram, Figure 5).
In the longer time scale (200−5500 ns, Figure 6c), a

pronounced decrease in the C60
− signal at 1000 nm clearly

indicates that the spectroscopic signatures of the charge-
separated state, Ru+-Al-C60

−, start to disappear with a uniform
decay of the whole spectrum toward the initial baseline. These
transient changes are consistent with the charge recombination
of the charge-separated state (Ru+-Al-C60

−) to the ground state
(Ru-Al-C60). This process is not complete in the time window
of the ultrafast experiments (1−5000 ps), clearly indicating that
the long-range charge separated state has a lifetime longer than
5 ns.60

In conclusion, as reported in Figure 5 (blue arrows), the
interpretation of the ultrafast absorption experiments in
CH2Cl2 strongly suggests that, following excitation of Al-
porphyrin chromophore, the charge separated state Ru-Al+-
C60

− is formed in ca. 10 ps (eq 1), a charge shift process Ru-
Al+-C60

− → Ru+-Al-C60
−, where a hole is transferred from Al-

based to Ru-based unit occurs in ca. 75 ps (eq 2) and the
charge recombination process to ground state (eq 3) occurs in
a by far longer time scale (>5 ns).

‐ ‐ ‐ → ‐ ‐ Δ = −* + − GRu Al C Ru Al C 0.60 eV1
60 60 (1)

‐ ‐ → ‐ ‐ Δ = −+ − + − GRu Al C Ru Al C 0.19 eV60 60 (2)

‐ ‐ → ‐ ‐ Δ = −+ −Ru Al C Ru Al C G 1.34 eV60 60 (3)

The time constant values experimentally measured can be
rationalized within the Marcus theory61 (assuming approx-
imately similar reorganizational energies): the photoinduced
charge-separation and hole-shift processes (eq 1 and eq 2) are
relatively fast because the driving forces of the processes place
both in the normal Marcus region; moreover, the hole-shift
process (eq 2) is slower since it is more activated. On the other

Figure 6. Transient absorption spectra obtained by the ultrafast
spectroscopy (excitation at 550 nm) in CH2Cl2 in the (a) 1−25 ps
time range, (b) 25−200 ps range, (c) and 200−5500 ps range. Inset:
the transient spectra in the 900−1300 nm spectral window are
multiplied by a factor of 10.
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hand, the charge recombination step (eq 3) is much slower
with respect to processes 1 and 2 because, being extremely
exergonic, it belongs to the Marcus inverted region.
In order to confirm the right sequence of the electron

transfer processes responsible for the quenching of the AlMPyP
singlet excited state in CH2Cl2, ultrafast absorption measure-
ments with 590 nm excitation were carried out by using a
different apparatus (see Experimental Section). These experi-
ments, although performed in a spectral window (400−800
nm) limited by the experimental setup (see Experimental
Section), have two important advantages: (i) selective
excitation of Al-porphyrin chromophore and (ii) analysis of
the 530−570 nm spectral region not accessible in the previous
experiments (vide supra). The transient absorption spectra
following excitation at 590 nm are shown in Figure 8. The
initial spectrum (t = 1 ps) is, as expected, the spectrum of the
singlet excited AlMPyP component.

Particularly informative are the transient spectral changes in
the 1−120 ps time range that show a biphasic behavior taking
place in the 1−20 ps and in the 20−120 ps range. The early
changes (a strong reduction in the bleach of emission at 640
nm accompanied by an increase in the optical density in the
680−700 nm range due to the radical cation of AlMPyP) are

consistent with an electron transfer mechanism for the
quenching of excited AlMPyP unit leading to the formation
of the Ru-Al+-C60

− charge separate state. In the subsequent
time scale (20−120 ps), the most evident feature is a
displacement of the sharp bleach, originally present at 550
nm, toward 530 nm (see inset of Figure 8). As these
wavelengths are typical of the Q-bands of the AlMPyP and
RuP units, we can safely assign the bleach displacement to the
hole shift from the AlMPyP to RuP unit [i.e., to the secondary
charge separation step (Ru-Al+-C60

− → Ru+-Al-C60
−)]. The

kinetic analysis of the spectral changes at 680 nm yields time
constants of 10 ± 5 ps and 80 ± 5 ps for the first electron
transfer and for the hole transfer step, respectively (Figure S9).
In the longer time scale (120−2000 ns), the transient changes
do not appreciably decay, clearly indicating that the long-range
charge-separated state (Ru+-Al-C60

−) has a lifetime longer than
the 2 ns (time window of the instrument). In conclusion, all
these results (590 nm excitation) are in reasonable agreement
with those obtained by excitation at 550 nm (vide supra),
giving strong support to the proposed quenching mechanism.
Since the energy of the charge-separated states depends on

the solvent polarity, the photophysical characterization of the
triad was repeated in solvents of lower polarity (THF, dielectric
constant ε = 7.6, and toluene, ε = 2.4) compared to CH2Cl2 (ε
= 8.9). Stationary emission measurements clearly indicate that
in both solvents, as in CH2Cl2, the fluorescence of the Al
porphyrin is almost completely quenched. Ultrafast experi-
ments were performed by using 550 nm as excitation
wavelength for both solvents. The spectral changes obtained
in THF (Figure S10) are qualitatively similar to those observed
in CH2Cl2, indicating that, following excitation of AlMPyP unit,
the same sequence of electron transfer processes (oxidative
quenching of excited AlMPyP unit followed by slower hole
transfer step with formation of the long-range charge-separated
state) also occurs in this solvent, albeit with somewhat slower
kinetics. The values of the time constants obtained from a
kinetic analysis at different wavelengths are reported in Table 2.
When the solvent was changed to toluene, on the other hand,
the results of the ultrafast measurements are somewhat different
and can be rationalized by considering the energy level diagram
shown in Figure 9 where, since the solvent polarity substantially
decreases from CH2Cl2 to toluene, the energy of the charge
separated states rises.62 The comparison with the analogous
scheme for dichloromethane (Figure 5) clearly suggests that
the change in the photophysical mechanism is caused by the
change in energy of the charge-separated states.

Figure 7. Kinetic analysis of spectral changes in CH2Cl2 measured at (a) 1240 nm (▲) and 1003 nm (red ●) and (b) 650 nm.

Figure 8. Ultrafast spectroscopy of C60-AlMPyP-RuP in dichloro-
methane (590 nm excitation) in the 1−120 ps time range. Inset:
transient absorption spectra at 1 ps (blue line) and 80 ps (orange line)
after the excitation.
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The ultrafast results obtained in toluene are reported in
Figure 10. In the first 30 ps (Figure 10a), the transient spectra
display spectral features that are qualitatively very similar to
those observed in CH2Cl2 (decrease in absorption features at
450 and 1240 nm of AlMPyP singlet excited state and
formation of a wide absorption at 1020 nm due to C60

−),
consistent with a fast photoinduced electron transfer step from
the singlet excited state of the AlMPyP chromophore to the
fullerene unit. This step is slightly slower (ca. 15 ps) with
respect to CH2Cl2 (Figure 11a). In the subsequent time range
(30−300 ps, Figure 10b), together with a slight decrease in the
C60

− signal at 1000 nm, an increase in the absorption at 850 nm
is observed. This signal can be tentatively assigned to the triplet
of the Ru-based component formed by charge recombination
from the charge transfer state Ru-Al+-C60

−.63,64 This charge
recombination process occurs in ca. 80 ps (Figure 11b) in
competition with the hole transfer process Ru-Al+-C60

−→ Ru+-
Al-C60

−.
In the longer time scale (200−5500 ns, Figure 10c), a new

absorption broad band is observed in the 650−750 nm range
that directly correlates with the disappearance of the signal at
1020 nm of the C60

−. This band can be assigned to the
formation of the fullerene triplet from the charge separated
state, Ru+-Al-C60

−, that occurs in competition with the
recombination process to the ground state in ca. 2−3 ns
(Figure 11c).
The whole set of processes taking place within the triad in

toluene are summarized in the energy diagram of Figure 9. In
conclusion, kinetic analysis of the spectral changes in toluene
gives the values of time constants for the primary charge
separation and for the hole transfer reported in Table 2. A
comparison between the kinetic behaviors obtained by the
photophysical investigation of the triad in different solvents
(Table 2), indicates that, while the primary photoinduced
charge separation process (τ1) is very fast (10−20 ps) in all

solvents investigated, the hole transfer process is slower with
time constants slightly increasing with decreasing solvent
polarity.
The solvent dependence of the electron transfer kinetics is

generally explained in terms of the Marcus theory as a
consequence of the combined effects of the driving force and
reorganizational energy.61 However, in our study, it is difficult
to make a quantitative comparison since, while in CH2Cl2, the
energies of the charge-separated states are obtained from redox
potentials experimentally measured (Table 1), the energy
values in THF and toluene are only estimated and, as a
consequence, affected by a large error.
Of particular interest to the present work is the comparison

with one of the triad systems studied by van der Est and co-
workers,30 containing aluminium(III) porphyrin as central

Table 2. Time Constants (τ) for the Charge Transfer
Processes in Different Solvents

εa τ1 (ps)
b τ2 (ps)

c

CH2Cl2 8.9 10 75
THF 7.6 20 80
Toluene 2.4 15 90

aSolvent dielectric constant. bTime constant of the primary charge
separation. cTime constant of the hole transfer process.

Figure 9. Energy level and photophysical mechanisms for the C60−
AlMPyP−RuP triad in toluene.

Figure 10. Transient absorption spectra obtained by the ultrafast
spectroscopy (excitation at 550 nm) in toluene in the (a) 0−30 ps
time range, (b) 30−300 ps range, and (c) 300−5500 ps range. Inset:
the transient spectra in the 840−1300 nm spectral window are
multiplied by a factor of 10.
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photoexcitable chromophore axially bound to a C60 unit and a
tetrathiafulvalene (TTF) as an electron-acceptor and electron
donor units, respectively (Chart 3). Although the energetics of

this system are different because TTF component is a better
electron-acceptor than RuP component, we can highlight some
similarities: (i) a sequential electron transfer (photoinduced
electron transfer followed by a charge shift process) is observed
with a far faster charge separation than the charge
recombination process, and (ii) in toluene, the triplet state of
the C60 unit is involved in the deactivation of the excited
AlMPyP chromophoric component. We can, however, observe
that van der Est’s triad exhibits a better performance featuring a
slightly longer lifetime of the charge-separated state (64 ns)
than that measured for our system (ca.10−20 ns). One of the
factors that most likely determines this behavior is a longer
distance between the donor and acceptor units, together with
the linear spatial arrangement which ensures that the donor and
acceptor units are spatially well-separated.

■ CONCLUSION
In this work, the supramolecular triad, C60-AlMPyP-RuP, is
successfully synthesized by a self-assembling synthetic method.
The photophysical behavior, following light absorption by
AlMPyP chromophore, has been thoroughly investigated by
time-resolved emission and absorption techniques in the
femtosecond−nanosecond time domain in different solvents,
with particular regard to the photoinduced charge separation
and recombination processes. The results provide evidence for
the occurrence of stepwise electron/hole transfer, leading to a
charge-separated state with reduced fullerene acceptor and

oxidized ruthenium porphyrin donor, with a lifetime in the few
nanoseconds range. Although the charge-separating perform-
ance of this triad is not outstanding, particularly because of the
relatively short charge separation distance, this study
demonstrates that, by using a self-assembling strategy, improve-
ments can be made by appropriate chemical modifications of
the individual molecular components.
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(62) A rough estimation of the energy of the charge-separated states
in toluene can be obtained by the correction of the experimental redox
potentials measured in CH2Cl2 using an appropriate work term.57

(63) The charge transfer state (RuP-AlP+-C60
−), initially formed in a

singlet spin state, can undergo spin inversion and yields Ru-based
triplet state upon charge recombination.64 The Ru-based triplet state,
as reported in the literature,25 is expected to undergo a fast triplet−
triplet energy transfer to AlP-based unit.
(64) Ghirotti, M.; Chiorboli, C.; You, C. C.; Wurthner, F.; Scandola,
F. Photoinduced Energy and Electron-Transfer Processes in
Porphyrin−Perylene Bisimide Symmetric Triads. J. Phys. Chem. A
2008, 112, 3376−3385.
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