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ABSTRACT: The covalent modification of Ru(II) polypyridyl
complexes (RPCs) with organic chromophores is a powerful
strategy to obtain metal-based photosensitizer agents (PSs) with
improved performance for application in photodynamic therapy
(PDT). In this respect, perylene-imides are of particular interest
due to their rich chemical−physical repertoire, and it is therefore
quite surprising that their combination with RPCs has been poorly
considered so far. Herein, we report on the photophysical behavior
of two newly synthesized RPCs bearing a perylene monoimide
appendant (PMI-Ad). Differently from the majority of RPCs-
perylene-imides dyads, these chromophores are dissymmetric and
are tethered to the metal centers through a single C−C bond in the
3- or 5-position of 1,10-phenanthroline (Ru-3PMI-Ad and Ru-5PMI-Ad). Both compounds show excellent singlet oxygen
photosensitizing activity, with quantum yields reaching >90% in the case of Ru-3PMI-Ad. A combined spectroscopic and theoretical
analysis, also involving transient absorption and luminescence lifetime measurements, demonstrates that both compounds undergo
intersystem crossing on a very fast time scale (tens of picoseconds) and with high efficiency. Our results further demonstrate that the
increased electron delocalization between the metal center and the PMI-Ad chromophore observed for Ru-3PMI-Ad additionally
contributes to increase the singlet oxygen quantum yields by prolonging the lifetime of the triplet state.

■ INTRODUCTION
Ruthenium polypyridyl complexes (RPCs) continue to attract
increasing interest for their use in photodynamic therapy
(PDT), a therapeutic cancer treatment relying on the
photoactivation of a photosensitizer molecule, ultimately
producing harmful cytotoxic oxygen species. The main
advantage of this method as compared with traditional
therapies is the complete spatiotemporal control over the
drug activation, allowing to considerably limit the side effects
normally associated with chemotherapy.1−4 The interest in
employing RPCs as PDT photosensitizers arises from the
possibility of accessing a variety of excited-state configu-
rations5−7 by tuning the nature of ligands in their octahedral
geometries, thus modulating their capacity to efficiently
sensitize the formation of singlet oxygen (1O2), which is
highly cytotoxic.8 Since singlet oxygen (1Δg) is produced from
the energy transfer between the triplet excited state of the
photosensitizer (PS*) and ground-state molecular oxygen
(3Σg

−) through type II pathways, prolonging the triplet excited-
state lifetimes represents a suitable strategy to boost the singlet
oxygen sensitizing properties. This can be achieved, for

example, by inserting π-expansive chelate ligands in Ru(II)
scaffolds, as they can change the lowest-lying excited state from
3MLCT to long-lived intraligand3 IL states9: a classic case is
the use of the popular benzo[i]dipyrido[3,2-a:2′,3′-c]-
phenazine (dppn) ligand/s.10,11

Asides from that, another valid alternative is represented by
the decoration of metal-coordinated ligands with distinct
organic chromophores having their lowest-lying and long-lived
triplet state close in energy to the3MLCT of the metal-based
units. In these bichromophoric arrangements, the3IL states act
as excited-state energy reservoirs that prolong the3MLCT
emission, endowing the resulting dyads with improved
sensitizing properties, beyond to augment light absorption in
the vis/NIR region.12
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Being first reported by Ford and Rodgers in 1992,13 this
strategy has been used to realize a variety of dyads with
improved performances as PSs, where common bidentate
chelates of ruthenium, such as bpy (2,2′-bipyridine) or phen
(1,10-phenanthroline), were covalently modified with naph-
thalene-,14 coumarin-,15 or pyrene-16,17 based units. In this
context, a great promise arises from the use of perylene-imides,
a class of polyaromatic hydrocarbons with extensive π-
conjugation that has found application in several areas,
spanning from photocatalysis to the design of luminescent
probes.18−20 These molecules are classified into two major
classes: perylene diimide (PDI), featuring two electron-
withdrawing symmetrical imide moieties on the top and
bottom of the electron-rich perylene core, and dissymmetric
perylene monoimide (PMI), with only one imide group
(Scheme 1). Their multifaceted properties, such as high
thermal and photochemical stability, high molar absorptivity,
remarkable photoluminescence, and impressive electron-
accepting properties, make them ideal candidates as novel
RPC-based PSs. It is therefore quite surprising that, so far,
RPCs bearing perylene imide derivatives have mostly been
applied in photocatalysis and electron transfer,21−28 whereas
only a couple of examples highlighted their potential for
PDT.29,30 Moreover and importantly, the majority of these
systems feature symmetric PDI chromophores, conjugated in
the bay or imide positions: far fewer systems containing PMI
were instead described,30,31 likely due to their more complex
synthetic routes.

This scenario prompted us to investigate the photophysical
properties of Ru-5PMI-Ad and Ru-3PMI-Ad, two newly
synthesized RPCs where a phen ligand of a classical
Ru(phen)3-core was functionalized at positions 5 or 3 with a
PMI derivative (PMI-Ad); this was in turn gathered with a
bulky aliphatic group (1-adamantyl-ethylamine, Ad) to over-
come inherent aggregation and solubility issues (Scheme 1). In
general, a key role in bichromophoric systems is played by the
linker (or spacer) between the appended residues and metal-
based subunits, as its different features (i.e., length and partial/
full conjugation) influence the attitude of the whole system to
maintain (or not) the individual properties of the distinct
subunits. Contrary to the great majority of already reported
perylene-RPCs, where chromophores are tethered to Ru(II)-

chelates through their imido nitrogens, causing electronic
decoupling with the metal cores,30,32 in our case the PMI-Ad
moieties are directly conjugated to the phen units via a C−C
bond, thus endowing the corresponding RPCs of augmented
electronic coupling between their subunits. The two different
positions for the PMI-Ad substitution in Scheme 1 were
considered to investigate their influence on the photophysical
properties of the resulting dyads.

■ EXPERIMENTAL SECTION
Materials. All materials were of reagent grade and used without

further purification unless otherwise specified. 5-Bromo-1,10-phenan-
throline (2a) and 3-bromo-1,10-phenanthroline (2b) were purchased
from Sigma-Aldrich and used without further purification. Inter-
mediates trans(Cl)-[Ru(5-bromo-1,10-phen)Cl2(CO)2] (3a) and
trans(Cl)-[Ru(3-bromo-1,10-phen)Cl2(CO)2] (3b) were prepared
by employing a similar procedure to those reported in literature for
analogue compounds.33 The PMI-pinacol boronic ester N-(1-(1-
adamantyl)ethyl)-8-pinacolylboronateperylene-3,4-dicarboxylmonoi-
mide (5) was obtained by Miyaura borylation reaction on the
bromine precursor N-(1-(1-adamantyl)ethyl)perylene-8-bromo-3,4-
dicarboxylmonoimide through a synthetic procedure previously
described.34

Synthesis of the Intermediate trans(Cl)-[Ru(5-Bromo-1,10-
phen)Cl2(CO)2] (3a). The polymeric precursor [Ru(CO)2Cl2]n (1)
(59 mg, 0.25 mmol) was dissolved in dry methanol under a N2
atmosphere. Then, 5-bromo-1,10-phenantroline (60 mg, 0.23 mmol)
was added, and the reaction mixture was stirred at reflux for 1 h. The
white precipitate formed was then filtered off, washed with hot
methanol, and dried under vacuum to obtain complex 3a as a yellow
solid.

Yield 46%. 1H NMR (400 MHz, (CD3)2SO): δ 9.77 (d, J = 4.8 Hz,
1H, H2), 9.70 (d, J = 5.2 Hz, 1H, H9), 9.10 (d, J = 8.4 Hz, 1H, H4),
8.98 (d, J = 8.0 Hz, 1H, H7), 8.89 (s, 1H, H6), 8.32 (dd, J1 = 4.0 Hz,
J2 = 8.0 Hz, 1H, H3), 8.23 (dd, J1 = 4.0 Hz, J2 = 8.0 Hz, 1H, H8)
ppm. 13C NMR (100 MHz, (CD3)2SO): δ 197.2, 155.6, 155.3, 146.4,
145.4, 140.1, 132.1, 131.4, 130.4, 128.8, 128.4, 122.0 ppm. IR v(CO):
2066, 2007 cm−1.

Synthesis of the Intermediate trans(Cl)-[Ru(3-Bromo-1,10-
phen)Cl2(CO)2] (3b). Analogously to the synthesis of the
intermediate 3a, the polymeric precursor 1 (117 mg, 0.50 mmol)
was dissolved in dry methanol under a N2 atmosphere and added with
3-bromo-1,10-phenantroline (118 mg, 0.45 mmol). Then, the
reaction mixture was heated at reflux, and after 2 h, an orange/
yellow powder appeared. The precipitate was filtered off, washed with

Scheme 1. Synthetic Route Followed for the Preparation of Ruthenium Complexes Ru-5PMI-Ad and Ru-3PMI-Ad
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hot methanol, and dried under a vacuum to give complex 3b as an
orange/yellow solid.

Yield 80%. 1H NMR (400 MHz, (CD3)2SO): δ 9.78 (d, J = 1.2 Hz,
1H, H2), 9.68 (d, J = 4.8 Hz, 1H, H9), 9.41 (d, J = 1.2 Hz, 1H, H4),
9.04 (d, J = 8.4 Hz, 1H, H7), 8.44 (d, J = 8.8 Hz, 1H, H5 or H6), 8.32
(d, J = 8.8 Hz, 1H, H5 or H6), 8.22 (dd, J1 = 4.8 Hz, J2 = 8.4 Hz, 1H,
H8) ppm. 13C NMR (100 MHz, (CD3)2SO): δ 199.7, 195.7, 154.5,
154.0, 144.9, 143.9, 142.2, 140.3, 131.4, 131.0, 129.5, 127.5, 121.0
ppm. IR v(CO): 2063 and 1990 cm−1.

Synthesis of [Ru(phen)2(5-Bromo-1,10-phen)]2PF6 (4a). To a
solution of 3a (50 mg, 0.10 mmol) in 5 mL of degassed 2-
methoxyethanol were added 1,10-phenanthroline (37 mg, 0.20 mmol)
and trimethylamine N-oxide (56 mg, 0.50 mmol). The reaction
mixture was stirred for 1 h at reflux under a N2 atmosphere. After
cooling at r.t., the addition of a 0.1 M aqueous solution of KPF6 (2
mL) allowed the precipitation of complex 4a as a dihexafluorophos-
phate salt. After filtration under vacuum, the solid was washed with
water and diethyl ether, affording complex 4a with a high grade of
purity to be used in the subsequent synthetic step.

Yield 82%. 1H NMR (400 MHz, (CD3)2CO): δ 8.91 (d, J = 8.0 Hz,
1H), 8.85 (s, 1H), 8.83−8.75 (m, 4H), 8.77 (d, J = 8 Hz, 1H), 8.51
(d, 1H), 8.49−8.38 (m, 9H), 7.94 (dd, J1 = 8.0 Hz, J2 = 12.0 Hz, 1H),
7.88−7.79 (m, 5H) ppm. 13C NMR (100 MHz, (CD3)2CO): δ 154.6,
154.3, 154.0, 153.7, 149.4, 148.6, 148.5, 137.7, 137.0, 136.7, 131.9,
131.7, 131.6, 131.0, 128.8, 128.7, 127.6, 127.4, 126.8, 126.7, 126.6,
122.2 ppm. HR-MS: calcd for C36H23N6BrRu [M]2+ 361.00997,
found [M]2+ 361.00901.

Synthesis of [Ru(phen)2(3-Bromo-1,10-phen)]2PF6 (4b). To a
solution of 3b (65 mg, 0.13 mmol) in 7 mL of degassed 2-
methoxyethanol were added 1,10-phenantroline (48 mg, 0.26 mmol)
and trimethylamine N-oxide (74 mg, 0.67 mmol). The reaction
mixture was stirred 2 h at reflux under N2 atmosphere. After cooling at
r.t., the addition of 0.1 M aqueous KPF6 (2 mL) allowed the
precipitation of complex 4b as a dihexafluorophosphate salt, which
was collected by filtration under vacuum and washed with water and
diethyl ether. 4b was obtained with a high grade of purity to be used
in the next synthetic step.

Yield 75%. 1H NMR (400 MHz, (CD3)2CO): δ 9.07 (d, J = 2.0 Hz,
1H), 8.85−8.79 (m, 6H), 8.61 (d, J = 4.0 Hz, 1H), 8.52 (d, J = 1.6
Hz, 1H) 8.49 (d, J = 12 Hz, 1H) 8.45−8.37 (m, 6H), 8.33 (d, J = 4.0
Hz, 1H), 7.86−7.79 (m, 6H) ppm. 13C NMR (100 MHz,
(CD3)2CO): δ 154.4, 154.2, 154.16, 153.94, 153.90, 153.7, 153.6,
148.8, 148.7, 148.69, 148.58, 148.55, 148.52, 147.51, 139.5, 137.7,
137.7, 137.6, 132.12, 131.9, 131.8, 131.7, 130.0, 128.8, 128.8, 128.8,
128.8, 127.9, 127.1, 126.9, 126.84, 126.82, 126.8, 126.3, 121.2 ppm.
HR-MS: calcd for C36H23N6BrRu [M]2+ 361.00997, found [M]2+

361.00896.
Synthesis of [Ru(phen)2(5-PMI-Ad)]2PF6 (Ru-5PMI-Ad). In a

Schlenk apparatus, a solid mixture of complex 4a (80 mg, 0.08 mmol)
and compound 5 (53 mg, 0.09 mmol) was solubilized in 4 mL of a
deaerated mixture of dimethylformamide/water 2:1 (v/v). Potassium
carbonate (55 mg, 0.40 mmol) was added, and three vacuum/
nitrogen cycles were performed. Then, a catalytic amount (1% w/w)
of tetrakis(triphenylphosphine)palladium(0) as catalyst was added
and three vacuum/nitrogen cycles were performed again. The
reaction mixture was stirred at 100 °C for 3 h and then cooled at
r.t. and filtered on a Celite pad with methanol to remove the catalyst.
The filtered solution was evaporated to dryness and the resulting red
solid was solubilized in dichloromethane (60 mL), washed three times
with 10 mL of water and once with 10 mL of brine. The organic phase
was dried with Na2SO4, filtered, and evaporated to dryness. The red
crude product was purified via flash chromatography on silica gel
(DCM:MeOH 60:1 v/v) to obtain complex Ru-5PMI-Ad as a red-
orange solid.

Yield 64%. 1H NMR (400 MHz, (CD3)2CO): δ 8.98−8.80 (m,
6H), 8.78−8.44 (m, 16H), 8.26−8.20 (m, 1H), 7.98−7.82 (m, 6H),
7.76−7.57 (m, 2H), 7.52−7.45 (m, 1H) 5.15−5.08 (m, 1H), 1.98−
1.85 (m, 6H), 1.77−1.58 (m, 12H) ppm. 13C NMR (100 MHz,
(CD3)2CO) shown in Figure S24. HR-MS: calcd for C70H51N7O2Ru
[M]2+ 561.65779, found [M]2+ 561.65710.

Synthesis of [Ru(phen)2(3-PMI-Ad)]2PF6 (Ru-3PMI-Ad).
Analogously to Ru-5PMI-Ad, complex 4b (80 mg, 0.08 mmol) and
compound 5 (53 mg, 0.09 mmol) were solubilized in 4 mL of
deaerated dimethylformamide/water 2:1 (v/v) in a Schlenk apparatus.
Following addition of potassium carbonate (55 mg, 0.40 mmol), three
vacuum/nitrogen cycles were performed. Then, a catalytic amount
(1% w/w) of tetrakis(triphenylphosphine)palladium(0) was added,
and three vacuum/nitrogen cycles were carried out. The reaction
mixture was stirred at 100 °C for 3 h, then cooled at r.t. and filtered
on a Celite pad with methanol to remove the catalyst. The filtered
solution was evaporated to dryness, and the resulting red solid was
solubilized in dichloromethane (60 mL) and washed three times with
10 mL of water and once with 10 mL of brine. The organic phase was
dried with Na2SO4, filtered, and evaporated to dryness. The red crude
product was purified via flash chromatography on silica gel
(DCM:MeOH 20:1 v/v) to obtain Ru-3PMI-Ad as a red-orange
solid.

Yield 88%. 1H NMR (400 MHz, (CD3)2CO): δ 9.08−9.02 (m,
1H), 8.96−8.76 (m, 6H), 8.70−8.63 (m, 1H), 8.58−8.33 (m, 14H),
7.98−7.80 (m, 5H), 7.76−7.78 (m, 2H), 7.67−7.62 (m, 1H), 7.59−
7.55 (m, 1H), 7.41−7.31 (m, 1H), 4.98−4.90 (m, 1H), 1.93 (sb, 3H),
1.83−1.46 (m, 12H), 1.32 (sb, 2H) ppm. 13C NMR (100 MHz,
(CD3)2CO) shown in Figure S30. HR-MS: calcd for C70H51N7O2Ru
[M]2+ 561.65779, found [M]2+ 561.65689.

Electronic Absorption, Fluorescence, Infrared, and NMR
Measurements. Electronic absorption spectroscopy was performed
by using a PerkinElmer Lambda 6 spectrophotometer in a 1 × 1 cm
quartz cuvette. Fluorescence spectra and measurements of the
phosphorescence signal of 1O2 were carried out on a Horiba
FluoroMax Plus spectrofluorometer. Attenuated total reflection
infrared (ATR-IR) spectroscopy was measured in ATR mode on a
IRAffinity-1S SHIMADZU equipped with the ATR sampling
accessory (MIRacleTM PIKE Technologies). The 1H, 13C NMR,
COSY, and HSQC spectra were collected with a Bruker 400 MHz
spectrometer.

Computational Details. Ab initio calculations within the DFT
framework have been performed with the Gaussian16 suite of
programs35 using the B3LYP exchange and correlation functional and
the LANL2DZ basis set. The solvent effect (acetonitrile) has been
described through polarizable continuum model (PCM).36 The
molecular structures have been optimized with a tight criterion and an
improved grid in the numerical evaluation of the integrals
INTEGRAL (GRID = 199974). TD-DFT calculations were
performed considering 12 singlet and 12 triplet excited states.

Singlet Oxygen Sensitizing Properties. Direct determination
of singlet oxygen quantum yields (ϕΔ) of ruthenium complexes was
obtained through the measurement of the O2(1Δg) → 3O2
phosphorescence signal at 1270 nm, upon irradiation of the dyads
at 440 nm in air-saturated acetonitrile solutions. Experiments were
run on solutions of RPCs at different concentrations, with the 1MLCT
absorbance values within the range of 0.08−0.2, and signals were
collected by a N2 cooled InGaAs photodiode; ϕΔ values were
obtained by taking [Ru(phen)3]Cl2 as a reference for 1O2 production.
Measurements were performed on a Horiba FluoroMax Plus
spectrophotofluorimeter.

Transient Absorption Spectroscopy. The apparatus used for
the transient absorption spectroscopy measurements has been
described in detail before.37 Briefly, 40 fs pulses centered at 800
nm were produced by a Ti:sapphire oscillator (Micra-Coherent)
coupled with a regenerative amplifier system (Legend-Coherent). The
excitation wavelength was set at 400 or 480 nm. The pump pulses at
400 nm were obtained by second harmonic generation of the
fundamental laser radiation using a 2 mm thick BBO crystal, while
pulses at 480 nm were obtained by frequency mixing the 800 nm
radiation with the signal output of a commercial optical parametric
amplifier (TOPAS, Light Conversion) in a BBO crystal. The white
light probe pulse was generated by focusing a small portion of the
fundamental laser radiation on a 3 mm thick CaF2 window. A portion
of the generated white light was sent to the sample through a different
path and was used as a reference signal. After passing through the
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sample, the white light probe and reference pulses were both directed
to a flat field monochromator coupled to a homemade detector.
Transient signals were acquired over a time interval spanning up to
1500 ps. The sample was contained in a 2 mm quartz cuvette
mounted on a movable holder to minimize photodegradation.
Measurements were performed at room temperature. Concentrations
were adjusted to an absorbance of 0.9−1.0 OD (for the respective
optical path) at the absorption maximum. Before and after the
measurements, the integrity of the sample was checked on a
PerkinElmer LAMBDA 950 spectrophotometer. The data have been
analyzed by global analysis using the software Glotaran.38

Measurements of Fluorescence Emission Lifetimes. To
measure decay times longer than 1.5 ns, we used the time-correlated
single photon counting (TCSPC) setup of a spectrofluorometer
FLUOROMAX+ HORIBA. A pulsed LED lamp emitting 1.5 ns
pulses at 369 nm with a high repetition rate (1 MHz) was employed
as the excitation source. The fluorescence signal decay of the
fluorophore was registered along with the light scattered by a pure
diffuser, LUDOX, under the same experimental conditions. The
special software realized by HORIBA was employed for the analysis of
the decay curves, affording the pure fluorescence decay signal,
following the deconvolution of the instrumental response of the
experimental apparatus.

■ RESULTS AND DISCUSSION
Synthesis of Ruthenium Complexes. Ru-5PMI-Ad and

Ru-3PMI-Ad were synthesized by adopting a “chemistry-on-the-
complex” approach,39 via the synthetic routes sketched in
Scheme 1 and described in detail in the Experimental Section.
The polymeric precursor [Ru(CO)2Cl2]n (1) was allowed to
react with 5-bromo-1,10-phenanthroline (2a) or 3-bromo-
1,10-phenanthroline (2b) in refluxed methanol to obtain
trans(Cl)-[Ru(5-bromo-1,10-phen)Cl2(CO)2] (3a) or
trans(Cl)-[Ru(3-bromo-1,10-phen)Cl2(CO)2] (3b), according

to procedures reported for analogue complexes.33 Then,
reaction of 3a and 3b with two equivalents of phen in 2-
methoxyethanol and in the presence of TMAO as a
decarbonylation agent, afforded 4a and 4b, which were
isolated as dihexafluorophosphate salts. Ruthenium complexes
were then obtained following Suzuki−Miyaura cross-coupling
between these intermediates and the pinacol boronic ester 5,

Figure 1. Absorption spectra of compounds Ru-5PMI-Ad (red solid line in panel a) and Ru-3PMI-Ad (green solid line in panel b) in CH3CN,
together with the ones of PMI-Ad (blue solid line) and [Ru(phen)3]Cl2 (cyan solid line). The dotted line represents the weighted sum of the
absorption spectra of the two moieties that better reproduce the absorption of the dyads. Black solid lines represent the fluorescence spectra of the
compounds collected by excitation at 400 nm.

Table 1. Absorption and Fluorescence Maxima (λmax/λem) of Ru-5PMI-Ad and Ru-3PMI-Ad in Different Media and 1O2
Quantum Yields (φΔ) in Acetonitrilea

complex λmax/nm (ε x 103/M−1cm−1) in CH3CN λmax/nm (ε x 103/M−1cm−1) in H2O λem/nm in CH3CN λem/nm in H2O φΔ (1O2) CH3CN

[Ru(phen)3]Cl2 440 (16.2), 262 (101.7) 440 (15.8), 265 (98.3) 590b,c 590b,c 0.38 ± 0.08
PMI-Ad 485 (16.8) 470 (7.70) 540b,c 630b, 650c 0.28 ± 0.06
Ru-5PMI-Ad 500 (53.8), 475 (54.9), 262 (146.1) 480 (34.0), 265 (110.4) 542b,c 618b,c 0.73 ± 0.06
Ru-3PMI-Ad 510 (34.9), 480 (35.9), 262 (132.1) 500 (20.5), 460 (25.0), 265 (106.2) 585b, 568c 600b, 590c 0.92 ± 0.06

a[Ru(phen)3]Cl2 and PMI-Ad were also considered for comparison. bMeasured with λexc = 420 nm. cMeasured with λexc = 490 nm.

Figure 2. HOMO−1, HOMO, and LUMO orbitals computed at the
B3LYP/LanL2DZ level of theory through the Gaussian 16 suite of
programs.
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prepared using a previously described synthetic route (see also
Supporting Information).34 This last reaction step was
conducted in refluxed DMF/H2O with Pd(PPh3)4 as a catalyst
and K2CO3 as a base, affording, after purification via flash
chromatography, Ru-5PMI-Ad and Ru-3PMI-Ad in high
yields of 64 and 88%, respectively. The compounds were
fully characterized through 1H, 13C, COSY and HSQC NMR
spectroscopy, FTIR analysis, high-resolution mass spectrome-
try (HR-MS) (Figures S1−S34, SI), and UV−vis absorption
and emission spectroscopy (Figures S46−S47, SI). The intense
ν(CO) absorptions in the range 2060−1990 cm−1 in the FTIR
spectra of intermediates 3a and 3b (Figures S5 and S10, ESI)
confirmed their trans-chloro, cis-carbonyl isomerism as,
according to literature,40,41 the ν(CO) vibrations of cis(Cl)-
cis(CO)-[Ru(NN)(CO)2Cl2] (NN = bidentate ligand) iso-
mers usually occur at lower frequencies (2030−1960 cm−1).
Intermediates 4a−b and complexes Ru-5PMI-Ad and Ru-
3PMI-Ad were isolated as mixtures of diastereoisomers due to
the presence of the asymmetrically functionalized phen ligand
in the architectures of the heteroleptic complexes.42 The
identity of these compounds was confirmed by the
combination of NMR and HR-MS data; in particular, the
molecular peaks at 361.00901, 361.00896, 561.65710, and
561.65689 in the HR-MS spectra of 4a, 4b, Ru-5PMI-Ad, and
Ru-3PMI-Ad, respectively,are associated with the bipositive
charged species [M-2PF6

−]2+ (m/z = 2, M = 4a, 4b, Ru-5PMI-
Ad, and Ru-3PMI-Ad) (see ESI, Figures S15, S21, S27, S33).

Attempts to synthesize the final ruthenium complexes
according to “classical” synthetic processes, namely, via the
preliminary preparation of the PMI derivatives of phen ligands
(Phen-5PMI-Ad and Phen-3PMI-Ad) were also made.
However, the competitive phenanthroline coordination to
the palladium species formed in the catalytic cycle of the
Suzuki−Miyaura coupling reaction resulted in higher reaction
times and lower reaction yields, which were in turn also
affected by the complicated purification procedures required
by the limited solubility of the phenanthroline-PMI-Ad
derivatives (paragraph 2, SI). These issues further highlight
the higher effectiveness of the “chemistry-on-the-complex”
approach herein implemented.

Absorption, Fluorescence Behavior, and TD-DFT
Calculations. The UV−vis absorption and fluorescence
spectra of Ru-5PMI-Ad and Ru-3PMI-Ad in acetonitrile are
shown in Figure 1a,b, together with the weighted sum (dashed
black curve) of the absorption spectra of [Ru(phen)3]Cl2 and
the unconjugated PMI-Ad ligand, chosen as reference
compounds for the Ru-cores and the appended dye,
respectively (see also Chart S2, Supporting Information).
The analogue spectra obtained in water are reported in Figure
S46 (Supporting Information), whereas the molar extinction
coefficients (ε) in the different media are summarized in Table
1. As shown in Figure 1, Ru-5PMI-Ad and Ru-3PMI-Ad
display similar absorption profiles, characterized by an intense
band centered at 262 nm, also present in [Ru(phen)3]Cl2 and
mainly ascribable to intraligand π → π* transitions, plus a
broad one in the visible region. This latter band consists in the
superposition of two components centered at 474 and 501 nm
for Ru-5PMI-Ad and at 480 and 510 nm in case of Ru-3PMI-
Ad, respectively, assigned to the absorption of [Ru(phen)3]Cl2
and PMI-Ad. For both dyads, the absorption band in the
visible region cannot be obtained as the 1:1 sum of the
individual components, indicating partial conjugation and
ground-state interactions. Figure 1 also shows the emission

Table 2. 1O2 Quantum Yields (φΔ) of Ruthenium
Compounds in Air-Saturated Acetonitrile Solutions
Determined by Employing Different Excitation Wavelengths
(λexc) in the 440−480 nm Range

λexc Ru-5PMI-Ad Ru-3PMI-Ad

440 nm 0.73 ± 0.06 0.92 ± 0.06
460 nm 0.71 ± 0.06 0.70 ± 0.06
480 nm 0.72 ± 0.06 0.70 ± 0.06

Figure 3. Transient absorption spectra of compounds (a) Ru-5PMI-Ad and (b) Ru-3PMI-Ad dissolved in CH3CN and excited at 400 nm.
Evolution-associated decay spectra obtained by global analysis for compounds (c) Ru-5PMI-Ad and (d) Ru-3PMI-A, respectively.
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spectra of the metal complexes collected exciting the samples
at 400 nm, centered at 542 and 585 nm for Ru-5PMI-Ad and
Ru-3PMI-Ad, respectively. The emission profiles registered in
CH3CN upon excitation at 490 nm and in H2O at both
excitation wavelengths are reported in Figure S47 of SI.

Judging from the absorption spectra of the individual
moieties in acetonitrile, excitation at 400 nm is mainly
localized on the Ru(phen)3-core; however, the emission
spectrum of Ru-5PMI-Ad, centered at 542 nm, is very similar
to the one of PMI-Ad (Figure S47a, SI), suggesting that energy
transfer is occurring between the two moieties. The emission
of Ru-3PMI-Ad instead is centered at 585 nm and fully reflects
the emission spectrum of [Ru(phen)3]Cl2, indicating that
excitation remains localized on the metal center and energy
transfer is less efficient. Employing an excitation wavelength
(λexc) of 490 nm, which predominantly excites the PMI-Ad
moiety, the emission of Ru-5PMI-Ad still reflects the one of
PMI-Ad, being centered at 542 nm, while the one of Ru-
3PMI-Ad, centered at 568 nm, presents contributions from
both PMI-Ad and the Ru(phen)3-core, thus indicating partial
delocalization over the two moieties (Figure S47b, SI). In
water, this trend seems to be preserved, even though the
broader spectra collected in this solvent make the interpreta-

tion less straightforward (Figure S47c,d, SI). These findings
indicate that the different positions for the PMI-Ad
substitution in the Ru(II)-based dyads have a certain influence
on their electronic properties, with more efficient energy
transfer occurring for Ru-5PMI-Ad.

To better analyze the different spectroscopic behaviors of
the two compounds, TD-DFT calculations have been
performed. As shown in Figure 2, the main orbital
contributions to the electronic transitions can be ascribed to
HOMO−1, HOMO, and LUMO orbitals. HOMO−1 in both
systems extends exclusively on the central ruthenium core,
whereas both HOMO and LUMO are more delocalized in Ru-
3PMI-Ad relative to Ru-5PMI-Ad. It is important to note that
the excitation of Ru-5PMI-Ad or Ru-3PMI-Ad, corresponds
mainly to a HOMO/LUMO transition in both cases, both for
a singlet (allowed) and triplet (prohibited) state. Excitation
leads, in the first case, to a LUMO whose electronic
distribution is straightly localized on PMI-Ad, and thus justifies
the emission profile in Figure 1a, closely resembling that of the
free PMI-Ad ligand. Instead, in the case of Ru-3PMI-Ad, the
LUMO orbital is delocalized on both the ruthenium center and
PMI-Ad, which is in line with the hybrid character of the
emission spectra in Figure 1b. This is also in good agreement
with the results of transient absorption analysis (vide inf ra).

Singlet Oxygen Sensitizing Properties. The singlet
oxygen sensitizing properties of the two dyads were assessed by
direct measurement of the 1O2 phosphorescence at 1270 nm
upon irradiation of air-saturated acetonitrile solutions of the
compounds at 440 nm. As shown in Table 1, Ru-5PMI-Ad and
Ru-3PMI-Ad feature potent sensitizing capabilities, with
quantum yields for 1O2 generation (φΔ) of 0.73 ± 0.06 and
0.92 ± 0.06, respectively. Notably, these values are up to 2.4-
or 3.3-fold higher if compared to the reference compound
[Ru(phen)3]Cl2 (φΔ = 0.38 ± 0.06)43 or the unbounded
chromophore (φΔ(PMI-Ad) = 0.28 ± 0.06). This clearly
demonstrates that combining the classical Ru(phen)3-core with

Figure 4. Transient absorption spectra of compounds (a) Ru-5PMI-Ad and (b) Ru-3PMI-Ad dissolved in CH3CN and excited at 480 nm.
Evolution-associated decay spectra obtained by global analysis for compounds (c) Ru-5PMI-Ad and (d) Ru-3PMI-Ad, respectively.

Table 3. Time Constants Obtained from Global Analysis of
the Kinetic Traces Recorded for Ru-5PMI-Ad and Ru-
3PMI-Ad Dissolved in CH3CN and Excited at 400 and 480
nm

complex τ1 τ2 τ3 τ4 τ5

Ru-5PMI-Ad
(λexc 400 nm)

1.4 ps 22.1 ps >23 ns

Ru-3PMI-Ad (λexc
400 nm)

0.5 ps 6.6 ps >43 ns

Ru-5PMI-Ad (λexc
480 nm)

0.4 ps 3.8 ps 25.6 ps 88.6 ps >5 ns

Ru-3PMI-Ad (λexc
480 nm)

0.3 ps 1.2 ps 7.1 ps 200.8 ps >16
ns
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differently functionalized PMI-Ad ligands is a powerful strategy
to endow the resulting compounds with augmented sensitizing
properties.

It can also be noted that the lower φΔ value was obtained for
Ru-5PMI-Ad, namely, the compound featuring the highest
energy transfer and, so, the lowest orbital delocalization
between the Ru(phen)3-core and PMI-Ad relative to Ru-
3PMI-Ad (vide supra); this suggests that a higher electronic
delocalization between the PMI-Ad chromophore and the
Ru(phen)3 center has a positive effect on the sensitizing
capabilities of these metal complexes.

The singlet oxygen sensitizing properties of ruthenium
complexes were also investigated by employing different
excitation wavelengths (λexc), namely, 440, 460, and 480 nm;
the obtained results are reported in Table 2. As shown in the
Table, 1O2 generation by Ru-5PMI-Ad was not greatly affected

by the excitation wavelength. Instead, significant variations
were displayed by Ru-3PMI-Ad, as witnessed by a decrease of
c.ca 20% in the 1O2 quantum yield when passing from λexc of
440 to 480 nm.

Such greater susceptibility of Ru-3PMI-Ad to the excitation
wavelength would be in line with its lower energy transfer and,
so, higher orbital delocalization if compared to Ru-5PMI-Ad.
Moreover, the lower φΔ value registered when using λexc of 480
nm (φΔ = 0.70), namely, a radiation which is more localized
on the PMI-Ad ligand rather than the Ru(phen)3-core, would
unveil that increasing the localization on the PMI-Ad
appended chromophore is slightly detrimental to the sensitiz-
ing capabilities of ruthenium complexes.

Transient Absorption Spectroscopy and Emission
Lifetime Measurements. To verify the formation of triplet
states and determine the rate of intersystem crossing, we

Figure 5. (a) TCSPC signals at 542 nm of Ru-5PMI-Ad (red dots, a) and at 590 nm of Ru-3PMI-Ad (red dots, b) along with the LUDOX
scatterer (blue dots) and (b) TCSPC signal at 590 nm of Ru-3PMI-Ad (red dots) and of the LUDOX scatterer (blue dots). Air-equilibrated
acetonitrile solutions, green lines, are the best fit curves obtained by deconvolving the prompt signals from the fluorescence ones. Lower panels
report the residual of the fits, highlighting the higher quality obtained for Ru-5PMI-Ad. λexc = 369 nm.
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measured the transient spectra of Ru-3PMI-Ad and Ru-5PMI-
Ad in CH3CN upon excitation at both 400 and 480 nm. The
data were analyzed using a global analysis procedure,44 which
consists in the simultaneous fit of the kinetic traces registered
in the entire analyzed spectral interval with a combination of
exponential decay functions. We applied a linear unidirectional
decay scheme, obtaining both the kinetic constants associated
with the dynamic evolution of the probed system and the
corresponding spectral components, termed evolution-associ-
ated difference spectra (EADS). The transient spectra
registered with λexc = 400 nm are reported in Figure 3a,b,
while Figure 3c,d shows the corresponding EADS obtained
from global fitting.

For Ru-5PMI-Ad, the spectra registered immediately after
excitation present a quite broad negative signal centered at 475
nm and a positive band centered at 650 nm. The negative band
can be associated with ground-state bleaching (GSB) since its
spectral position corresponds to the absorption band of the
sample. The assignment of the positive excited-state absorption
(ESA) band can be made by comparison with the transient
spectra registered for the individual components reported in
Supporting Information (Figure S48). Since a similar ESA
band is observed in the transient spectra of the isolated PMI-
Ad moiety, the band centered at 650 nm can be interpreted as
a signature of the singlet excited state of this chromophore. In
the transient spectra of Ru-5PMI-Ad, the ESA appears broader
if compared to that of the isolated PMI-Ad, possibly reflecting
a contribution of the Ru(phen)3-moiety, which indeed presents
a broad ESA in the 520−580 nm region (Figure S48,
Supporting Information). It is known that RPCs undergo
ultrafast intersystem crossing, populating triplet states on a
subpicosecond time scale.45 Because we do not observe any
fast spectral evolution when measuring the transient spectra of
the isolated Ru(phen)3-moiety, which would be indicative of
ISC, we assume that the triplet state of the metal complex is
populated on a time scale faster than our time resolution. The
observation of the ESA band assigned to PMI-Ad in the
transient spectra of Ru-5PMI-Ad implies either an ultrafast
energy transfer from the Ru(phen)3-core to PMI-Ad, occurring
on a time scale below the time resolution of the measurement

and before the ISC of the Ru(phen)3-core (since the ESA of
PMI-Ad is due to its bright 1ππ state), or a partial direct
excitation of the PMI-Ad moiety at 400 nm. Global analysis of
the transient data of Ru-5PMI-Ad indicates that spectral
evolution occurs on a quite fast time scale. Indeed, looking at
the evolution between the first (blue) EADS and second (red)
EADS reported in Figure 3c, occurring in 1.4 ps, we observed
the recovery of the PMI-Ad singlet ESA centered at 650 nm
and a partial decrease of the bleaching signal. The decay of the
650 nm ESA possibly indicates localization of the excitation on
the metal center, which should already be in the triplet state on
this time scale. The spectrum further evolves on the following
22 ps time scale: on this time scale, we observe a further
recovery of the broad GSB signal, which is replaced by a
narrow negative band peaking at about 500 nm and the
development of a positive band centered at 540 nm. The final
spectral component (yellow line in Figure 3c) is very long-lived
and does not decay on the time scale of our measurement (1.5
ns).

The comparison of the spectral shape of the long-lived
EADS with literature data46,47 allows to assign this spectral
component as the triplet state of PMI-Ad, which is most
probably populated via triplet energy transfer from the
Ru(phen)3-core in about 20 ps.

For Ru-3PMI-Ad (Figure 3b,d), the contribution of the 650
nm ESA band assigned to the singlet state of PMI-Ad at the
short time scale is less evident, and the spectral evolution
observed within the investigated time scale appears more
limited. In this case, the long living species, populated in about
6.6 ps, appears as the convolution of the triplet states of both
the Ru(phen)3-core and PMI-Ad (see Supporting Information
for further details). Indeed, the long-lived EADS (yellow line in
Figure 3d) presents two negative bands, peaked at 450 nm,
similar to the bleaching observed for the isolated Ru(phen)3,
and at 510 nm, indicative of the PMI-Ad triplet. Furthermore,
the positive signal centered at about 540 nm is broader than
what is observed for Ru-5PMI-Ad because of the contribution
from the Ru(phen)3-triplet state absorption (Figure S48,
Supporting Information). This suggests that the final triplet
state reached by the dyad is partially delocalized on both

Scheme 2. Diagram of the Energy Levels and Relaxation Pathways Involved in the Electronic Transitions of Ruthenium
Compoundsa

aEnergy levels computed with the TD-DFT method at B3LYP/LANL2DZ level of theory. The time scales of the photoinduced relaxation
processes are obtained from transient absorption measurements.
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components. It is worth noticing that for both compounds
there is no evidence for the formation of a charge-separated
state prior to triplet formation so that a charge recombination-
induced ISC mechanism can be excluded.

Transient absorption measurements have also been repeated
exciting the compounds at 480 nm, namely, by using an
excitation wavelength which is mainly localized on the PMI-Ad
moiety; the transient absorption spectra and respective EADS
are reported in Figure 4. For both samples, the spectra
registered soon after excitation show a broad GSB signal,
respectively, centered at 490 nm in the case of Ru-5PMI-Ad
(Figure 4a) and 500 nm for Ru-3PMI-Ad (Figure 4b).
Furthermore, an ESA band, respectively centered at 620 and
650 nm, is observed, assigned to the singlet ESA of the PMI-
Ad moiety. The evolution of the transient signal is very fast for
both dyads. Indeed, on a subpicosecond time scale (evolution
from the blue to red EADS in Figure 4c,d), we observe the
partial recovery of the GSB signal and the decrease in intensity
and blue shift of the ESA band. We attribute this evolution to a
fast excited-state relaxation, possibly induced by solvation.

The appearance of the transient spectra completely changes
on the following evolution, occurring in about 4 ps in the case
of Ru-5PMI-Ad and 1 ps for Ru-3PMI-Ad. On this time scale,
the broad ESA band attributed to the PMI-Ad completely
recovers, while a less intense ESA peaked at 540 nm develops.
Moreover, the broad GSB signal observed soon after excitation
is replaced by a narrow and less intense signal peaked at about
500 nm.

Comparison with literature data46,47 and with measurements
performed upon excitation at 400 nm indicates the occurrence
of ultrafast ISC in both systems, being the spectral shape
observed on this time scale very similar to the long living signal
already observed at different excitation conditions (Figure 4)
and assigned to a triplet state mostly localized on the PMI-Ad
chromophore. The transient signal does not significantly
evolve on the following time scale, although different time
constants are extracted from the analysis to allow for a correct
fit of the kinetic traces. All of the following evolution can be
interpreted in terms of vibrational and solvent-induced
relaxation of the triplet state.

Selected kinetic traces, reported in Figure S52 (Supporting
Information), further elucidate that ISC is fast for both
compounds but relatively faster in the case of Ru-3PMI at both
excitation wavelengths.

The kinetic constants extracted from global analysis for the
measurements performed in CH3CN at different excitation
wavelengths are summarized in Table 3. Although the last time
constant retrieved from global analysis at both the excitation
wavelengths is affected by a significant error, the lifetime of the
final triplet state reached by the two compounds being much
longer than the investigated time scale, the results of the global
fit suggest a longer lifetime in the case of Ru-3PMI-Ad as
compared with Ru-5PMI-Ad. This finding is in line with
higher singlet oxygen QY measured for this compound.
Transient measurements have been further repeated by
dissolving the dyads in H2O at both excitation wavelengths
(Figures S49 and S50, Supporting Information). Although the
solubility of the compounds is lower in this solvent and triplet
formation appears less efficient as compared with what is
observed in CH3CN, these measurements indicate that the
compounds could be effectively employed in a biologically
relevant environment. Looking at the results reported in
Supporting Information, the triplet state appears delocalized

over the two moieties in water. Moreover, the relaxation
processes are slower than in CH3CN (kinetic traces in H2O
reported in Figure S52, Supporting Information). The time
constants retrieved from the analysis of the data recorded in
H2O are reported in Table S1 in the Supporting Information.

Lastly, the emission lifetimes (τ) of both dyads were also
measured. As shown in Figure 5 (see also Figure S53), because
of experimental constraints, emission lifetimes were recorded
with excitation at 369 nm, mainly localized on the Ru(phen)3-
moiety. Ru-5PMI-Ad displays a quite fast emission decay,
preventing us to obtain a good experimental fit, as also
evidenced by the small mismatch between the prompt signal
(due to the perfect scatterer) and the emission signal of the
complex (Figure 5a). A good fit of the emission decay curve is
instead obtained for Ru-3PMI-Ad by using three exponential
functions (as noticed in Figure 5b). The lifetimes (τ) obtained
by the analysis of the emission decay measurements further
support the observation retrieved from transient absorption
spectroscopy and the theoretical analysis. Indeed, the highest τ
values are registered for Ru-3PMI-Ad complex, which presents
a more delocalized triplet state. The long luminescence lifetime
of this compound can probably be attributed to the emission
contribution of the metal center. In the case of Ru-5PMI-Ad,
whose triplet state is rather strongly localized on the PMI-Ad
moiety, the luminescence is extremely week, preventing a good
estimate of the emission lifetime.

These results are also in agreement with the different singlet
oxygen sensitizing properties of the two metal complexes and
underlie once again that the highest orbital delocalization
exhibited by Ru-3PMI-Ad is beneficial to increase the triplet
state lifetime of this compound.

To give an overview of the photophysical processes
occurring in the two dyads upon photoexcitation, we report
in Scheme 2 a summary of the main relaxation paths and the
energy of the various excited states involved in the photo-
dynamics of the dyads, as obtained by DFT computations.

■ CONCLUSIONS
To summarize, herein we describe two novel RPC-based
dyads, Ru-3PMI-Ad and Ru-5PMI-Ad, featuring a dissym-
metric perylene monoimide chromophore (PMI-Ad) linked to
the 3- or 5-positions of the Ru(II)-coordinated phen ligands
via a single C−C bond. The synthesis was accomplished by
adopting a “chemistry-on-the-complex” approach, namely, by
linking the PMI-based chromophores directly on the Ru(II)-
coordinated phen units, leading to improved outcomes if
compared to the more “classically employed” synthetic routes.
Then we performed a comprehensive chemical-physical
investigation of the obtained systems, demonstrating that
combining the Ru(phen)3-core with PMI-Ad ligands repre-
sents a powerful strategy to construct potent photosensitizers,
as testified by φΔ values ranging from 0.70 to 0.92, among, to
the best of our knowledge, the highest reported in the
literature for RPCs. The idea of linking organic chromophores
to metal centers with the aim of increasing the triplet lifetime
of the resulting dyads is often referred in literature as the
“reservoir ef fect”.48−50 The presence of an organic chromophore
whose triplet state is close in energy to the 3MLCT of the
metal center would prolong the lifetime of the overall dyad,
being 3ππ state of the chromophore intrinsically long-lived
because of the forbidden nature of the 3ππ → 1ππ transition. In
the case of our compounds, the low-lying triplet state
populated with high efficiency is predominantly localized on
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the organic moiety; nevertheless, some contribution from the
metal center is observed, with the amount of electron
delocalization dependent on the chromophore positioning.
Summarizing the observations based on time-resolved
absorption and emission spectroscopy as well as from the
theoretical analysis, we conclude that both Ru-3PMI-Ad and
Ru-5PMI-Ad undergo very fast and efficient intersystem
crossing, justifying their excellent singlet oxygen sensitizing
properties. Importantly, the overall chemical−physical behav-
ior of the two dyads (singlet oxygen sensitization, absorption
and emission profiles, etc.) appears to be the result of a subtle
modulation of energy transfer and electron delocalization
between the Ru(phen)3-cores and PMI-Ad ligands, which is in
turn imparted by the different substitution patterns of the
PMI-Ad chromophore. In particular, placing the PMI-Ad in the
3-position of Ru-3PMI-Ad is clearly advantageous for
maximizing the singlet oxygen production by virtue of
increased electron delocalization and prolonged triplet state
lifetime, possibly arising from the contribution of the metal
center.

In conclusion, this work highlights the potential arising from
the combination of RPCs with PMI-based chromophores in
designing powerful dyads as promising candidates for PDT. It
especially proves that the C−C decoration with PMI-based
chromophores, along with the position of their functionaliza-
tion, subtly affects the electronic properties of these
compounds, allowing us to obtain in both cases optimal
performances.
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