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Modulation of the Excited States of Ruthenium(ll)-perylene Dyad to
Access Near-IR Luminescence, Long-Lived Perylene Triplet State and

Singlet Oxygen Photosensitization

Isabele S. Campos, Andrea Fermi, Barbara Ventura, Carlos A. F. Moraes, Gabriel H. Ribeiro,
Tiago Venancio, Paola Ceroni,* and Rose M. Carlos*

Herein, we present a novel ruthenium(Il)-perylene dyad
(RuPDI-Py) that combines the photophysical properties of
pyrrolidine-substituted perylene diimide (PDI-Py) and the
ruthenium(II) polypyridine complex [Ru(phen)3]2+ . A
comprehensive study of excited-state dynamics was carried out
using time-resolved and steady-state methods in a dimethyl
sulfoxide solution. The RuPDI-Py dyad demonstrated
excitation wavelength-dependent photophysical behavior.
Upon photoexcitation above 600 nm, the dyad exclusively
exhibits the near-infrared (NIR) fluorescence of the 1PDI-Py
state at 785 nm (tfl = 1.50 ns). In contrast, upon
photoexcitation between 350 and 450 nm, the dyad also
exhibits a photoinduced electron transfer from the
{[Ru(phen)3]2+} moiety to PDI-Py, generating the charge-
separated intermediate state {Ru(III)-(PDI-Py)*—} (4 ps). This
state subsequently decays to the long-lived triplet excited state
3PDI-Py (36 ps), which is able to sensitize singlet oxygen
(102). Overall, tuning 102 photoactivation or NIR
fluorescence makes RuPDI-Py a promising candidate for using
absorbed light energy to perform the desired functions in
theranostic applications.

INTRODUCTION

Over the past decades, various studies have highlighted the
ability of electron donor—acceptor systems (D—A) based on
perylene diimide (PDI) chromophores to participate in
photoinduced energy and electron transfer processes.' ™ A
fundamental issue that should be considered in planning a
rational molecular array based on PDI is developing a D—A
system capable of light harvesting in the visible to near-infrared
(NIR) region and a strategy to access the long-lived triplet
state of PDL° These features are essential for the performance
of PDI and open the opportunity to develop new D—A systems
with advanced and specific properties. The relevance of these
studies has intensified interest in playing on substituents at
both the bay and imide positions of PDI, which, in addition to
providing solubility and spatial arrangement, enable access to
specific properties and functions.

For instance, singlet oxygen ('O,) production in toluene has
been reported for a series of PDI derivatives with donor groups
attached to aromatic bay positions and long alkyl groups at the
N-imide position. The efficiency of 'O, formation is dependent
on the substituent attached to PDI and is attributed to a
decrease of the lowest singlet and triplet energy gap and to an
increase of the spin—orbit-coupling (SOC) via a spin—orbit-
charge transfer induced intersystem crossing (SOCT-ISC)
mechanism.'
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PDI derivatized with metal complexes has also been
developed.””"* These compounds offer many advantages
such as increased solubility, highly efficient ISC owing to the
presence of heavy metal ions, and long-lived triplet excited
states. As Ru(Il) polypyridyl complexes are also known for
their excellent (photo)chemical stability and ability to sensitize
the generation of singlet oxygen, they have also been very
popular in the development of PDI-derivatized com-
plexes.'*~'°

We recently addressed this issue by the facile synthesis of the
[Ru(phen),(pPDIp)](PFy), dyad (RupPDIp, pPDIp = 1,10-
phenanthroline chelate ligand (phen) linked to the pendant
perylene diimide group).’ RupPDIp improved the solubility
of pPDIp and caused weak electronic coupling between the
two moieties, maintaining the individual electronic properties
and resulting in interesting photophysical properties. Upon
light excitation, a charge-separated intermediate state



Scheme 1. Molecular Structures of PDI-Py Ligand, [Ru(phen);]* Reference Complex and RuPDI-Py Dyad
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{(phen),Ru(11I) (pPDIp*~)} was populated independently of
the electronically excited moiety, which triggered the
population of triplet state *pPDIp (z = 1.8 us) and
photosensitized 'O, with a high quantum yield (¢, = 0.58)
in an acetonitrile solution. In an aqueous solution, the dyad
exhibited the formation of H-type aggregates, and the
phosphorescent emission of the {[Ru(phen),]**} moiety was
preserved, while the fluorescence of the pPDIp moiety was
quenched. Despite the formation of aggregates, the dyad in
water was still able to generate 'O, after excitation of both
moieties.' The dyad demonstrated potential application as a
photosensitizer in photodynamic therapy for melanoma cancer
treatment.'® The in vifro experiments showed that in the dark
the dyad was not cytotoxic to B16F10-Nex2 murine melanoma
cells. However, under green light illumination at 518 nm (dose
= 0.41 J em™), it exhibited a strong photocytotoxicity effect,
with an ICg, value of 1.2 gmol L', Despite these promising
results, photochemical applications are limited by the relatively
short wavelength range of 350—600 nm covered by this dyad.
In this regard, the addition of electron-donating or accepting
substituents in the bay position of the PDI has been used as an
alternative to modifying the optical and electrochemical
properties of these chromophores.'’

Lukas et al. reported that substitution at the 1,7-bay position
of PDI compounds with electron-donating groups, such as
pyrrolidine (Py), resulted in a shift in the absorption and
emission to the NIR region. For example, the 1,7-bis-
(pyrrolidin-1-yl)-3,4:9,10-perylene-bis(dicarboximide) ex-
hibited an intense absorption at 686 nm (& = 46,000 M™!
cm™) in toluene and a fluorescence at 721 nm (®, = 0.65, 73
= 4.5 ns) attributed to the singlet excited state (S,) with charge
transfer (CT) character.””

The distinct photophysical properties of the 1,7-pyrrolidinyl-
substituted perylene derivatives are associated with the
electron-donating ability of the pyrrolidine substituents,
which introduce a different character for the HOMO relative
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to the unsubstituted PDI, since the HOMO is localized on the
amino nitrogen of the pyrrolidine and leads to the CT
character of the PDI states.”' Although these PDI-pyrrolidine
derivatives show excellent light-harvesting properties in the
NIR region, they are not able to populate the long-lived
perylene diimide triplet excited state (**PDI). Therefore,
different strategies have been used to reach the **PDI state.
For example, Shibano and co-workers demonstrated that a
pyrrolidine-substituted PDI-C4, linked dyad in toluene
exhibited singlet—singlet energy transfer from PDI to Cg,
followed by intersystem crossing to the Cg, excited triplet state
and subsequent triplet—triplet energy transfer to yield the
3*PDI state.”” Another strategy involves the incorporation of
transition metals into the structure of the PDI-pyrrolidine
derivatives. Amati and co-workers prepared a side-to-face array
DPy-gPBI[Ru(4-tBuTPP)(CO)], based on a pyrrolidine-
substituted PDI sandwiched between two Ru(II)-porphyrins,
that through a photoinduced electron transfer process leads to
the formation of a charge transfer state PBI"-RuP* (perylene
anion and porphyrin radical cation) that decays to the 3*PDI
state (z = 13 ps) in CH,CL,."

The present study extends the previous study on the
[Ru(phen),(pPDIp)](PF;), dyad to a new Ru(II)-perylene
dyad in which the pPDIp component is replaced by new 1,7-
pyrrolidinyl-substituted perylene (PDI-Py), which consists of a
perylene diimide derivatized at the 1,7-bay-positions with
pyrrolidine and at the imide positions with 1,10-phenanthro-
line (Scheme 1). The photochemical and photophysical
properties of the RuPDI-Py dyad were investigated using
steady-state and time-resolved spectroscopic techniques and
compared with those of the individual components, such as the
PDI-Py ligand and the [Ru(phen);]** complex, as a reference.
Our results demonstrate that the coordination of PDI-Py to
the {[Ru(phen);]**} moiety shifts the spectroscopic features of
the dyad to the visible-NIR region, providing the long-lived
triplet excited state of the PDI-Py component (**PDI-Py) that



enables 'O, activation while maintaining '*PDI-Py fluores-
cence.

EXPERIMENTAL SECTION

General Methods and Materials. All solvents used in synthetic
work and spectroscopic analysis were purchased from Sigma-Aldrich
and were of HPLC grade (with the exception of Uvasol grade
dimethyl sulfoxide (DMSO) from Merck used for femtosecond
transient absorption analysis). The reagents were used as received
without further purification. The synthetic routes and characterization
of synthesized compounds are described in the Supporting
Information.

Photophysical Studies. UV—vis absorption spectra were
recorded with a PerkinElmer 440 spectrophotometer using quartz
cells with an optical path length of 1.0 or 5.0 cm. The emission and
excitation spectra were recorded using an Edinburgh FLS920
spectrometer equipped with a Hamamatsu R928 phototube. Emission
lifetimes were measured with an Edinburgh FLS920 spectrofluor-
ometer using the time-correlated single-photon counting (TCSPC)
technique. The emission quantum yield of the ligand was measured
using [Os(bpy);] (PFg), in deaerated acetonitrile (Ppy = 0.00S) as a
standard. Deaerated solutions were obtained by repeated pump—
freeze—thaw cycles (~4 X 107 mbar) using sealed quartz cuvettes.
Luminescence measurements at 77 K were performed in butyronitrile
glass using quartz tubes.

Electrochemical Analysis. Cyclic voltammetry experiments were
carried out at room temperature in argon-purged dried CH;CN using
an EcoChemie Autolab 30 potentiostat in a 3-electrode setup. The
working electrode consisted of a glassy carbon electrode (3 mm
diameter), the counter electrode was a Pt spiral electrodeand an Ag
wire was used as quasi-reference electrode (AgQRE). Working
electrode and quasi-reference electrodes were polished on a felt pad
with 0.05 or 0.3 y#m alumina suspension and sonicated in deionized
water for 1 min before each experiment; the Pt wire was flame
cleaned. Tetrabutylammonium hexafluorophosphate (TBAPF;, 0.1
M) is added to the solution as a supporting electrolyte. Ferrocene
(purified by sublimation at reduced pressure) is used as an internal
reference (Ep.,, = 0.40 V vs SCE). Spectroelectrochemical
experiments were performed in an optically transparent thin-layer
electrochemical (OTTLE) cell equipped with quartz windows, two Pt
minigrids as working and counter electrodes, and a silver wire as a
quasi-reference electrode. The solutions used for spectroelectrochem-
ical experiments were prepared as previously described for cyclic
voltammetry. UV—vis—NIR absorption spectra were recorded upon
application of a given potential with an Agilent Technologies 8543
diode array spectrophotometer.

Femtosecond and Nanosecond Transient Absorption
Spectroscopies. Transient absorption in the nanosecond range
was performed using samples with absorbance = 0.1—0.2 at the
excitation wavelength in deaerated DMSO and water solutions. A
Continuum Surelite SLI-10 Nd/YAG laser was used to excite the
sample with 10 ns pulses at 355 nm. The monitoring beam was
supplied by an Xe arc lamp, and the signal was detected by a red-
sensitive photodiode after passing through a high-radiance mono-
chromator. Differential absorption spectra were recorded point by
point, and 16 individual laser shots were averaged to improve the
reliability of each acquisition. Kinetic analyses were carried out with
iterative least-squares fitting procedures using OriginLab software.
Global analysis has been performed with Surface Xplorer V4 software
from Ultrafast Systems, by fixing principal components via single-
value decomposition and by deriving the spectral distributions of the
pre-exponential coefficients of the calculated lifetimes.

Transient absorption in the femtosecond range was performed by
means of an Ultrafast Systems HELIOS (HE—vis—NIR) femtosecond
transient absorption spectrometer using, as an excitation source, a
Newport Spectra Physics Solstice-F-1K-230 V laser system, combined
with a TOPAS Prime (TPR-TOPAS-F) optical parametric amplifier
(pulse width: 100 fs, 1 kHz repetition rate, selected output
wavelengths: 450 and 720 nm). The Solstice system was composed

of a tunable (690—-1040 nm) Mai Tai HP Ti/Sa femtosecond
oscillator pumped by a Nd/YVO4 laser (Millennia), Ti/Sa
regenerative amplifier pumped by an intracavity-doubled, Q-switched,
diode-pumped Nd/YLF pulsed laser (Empower 30), optical pulse
stretcher, and optical pulse compressor. The overall temporal
resolution of the system is 300 fs. Air-equilibrated solutions in 0.2
cm optical path cells (absorbance at 450 and 720 nm = 0.2 nm) were
analyzed under continuous stirring. To reduce the photodegradation,
the pump energy of the sample was reduced to 6 uJ/pulse. Surface
Xplorer V4 software from Ultrafast Systems was used for data
acquisition and analysis. The 3D data surfaces were corrected for the
chirp of the probe pulse prior to the analysis.

Singlet Oxygen Measurements by UV-Vis Absorption
Spectroscopy. A 3 mL solution containing 100 gmol L™" of the
9,10-dimethylanthracene (DMA) and 10 gmol L™" of the compounds
RuPDI-Py dyad, PDI-Py, and [Ru(phen);]** complex reference in
DMSO was prepared in a quartz cuvette. The initial absorbance (4,)
at 380 nm was recorded using 10 pmol L' of the respective
compound in DMSO as a reference solution. The mixture was then
irradiated with 450 and 720 nm lamps, and the absorbance (4,) at 380
nm was measured at predetermined time intervals.

RESULTS AND DISCUSSION

Synthesis and Characterization. The molecular struc-
tures of the PDI-Py ligand, the RuPDI-Py dyad, and
[Ru(phen);]** are shown in Scheme 1. The synthesis of the
PDI-Py ligand was adapted from the previously reported
methods for the structurally bay-substituted PDI com-
pounds.”*** The RuPDI-Py dyad was prepared by the reaction
between the PDI-Py ligand and the precursor cis-[Ru-
(phen),CL,] in DMF, as described in the Supporting
Information. Structural characterization of PDI-Py and
RuPDI-Py was obtained by ESI-MS (mass spectrometry)
(Figures S1 and S6) and one- and two-dimensional NMR
spectroscopy (Figures $2—S5 and $7-S10).

The ESI-MS spectrum confirms the structures and purity of
the synthesized compounds. The molecular ion peaks appeared
at m/z 885.2954 [M + H]" and 443.1521 [M + 2H]*" for the
PDI-Py ligand and at m/z 673.1649 [M]** and 443.1521 [M +
H]* for the RuPDI-Py. The combined 1D and 2D-NMR
experiments allowed 'H and "C signal attribution, and the
integration ratios for PDI-Py and RuPDI-Py (Tables S1 and
S2) were consistent with the proposed structures.

Figure 1 shows a comparison of the aromatic regions of the
'"H NMR spectra of the PDI-Py ligand, the [Ru(phen),]**
reference, and the RuPDI-Py dyad. The aromatic protons of
phenanthroline and the PDI core were observed in the region
of 9.4—7.6 ppm. The symmetric structures of 1,7-dipyrrolidinyl
substituted perylene generally show a pattern in the '"H NMR
spectrum characterized by three signals, a singlet and two
doublets, in the range of 8.0—9.0 ppm and each signal with an
area corresponding to two hydrogens, indicating that there are
only three types of different kinds of protons in the perylene
core.”” This signal pattern was observed for the PDI-Py ligand
(H, H,, and H ), demonstrating that the symmetry of the
molecule was preserved after the addition of phenanthroline
substituents and that the pyrrolidines were localized in the 1,7-
bay positions. As observed in the spectrum of the RuPDI-Py
dyad, the pattern of signals is characteristic of [Ru(phen),]*
and free PDI-Py moieties and the PDI-Py moiety to Ru metal.
The chemical shifts of the signals from the phen ligands of the
RuPDI-Py dyad are similar to those of the signals from the
phen ligands of the [Ru(phen);]** complex. Likewise, as
observed the moiety of free moieties of the PDI-Py ligand,



042 2
* N N
\ed 4] s‘ N
7~ Jo
Hc 8
|H, He
H; Hy H, 'H; | R
_" "______k‘g_}"\_ w PDI-Py
Hs- Hge
Ha-Hye ' Hy-Hp Hy Hy
I | I [Ru(phen)J*
Hern HqHy H
H.H. 3 Hy Fly-
Ha-Hg. i HeHy Hye  HgHg Hg-
Ha Hy HypHp.  HoHy
H,Hs 1 Hg Ha! AT
2 il He JHa b A
M I | A AW AN 'RuPDI-Py
T .9A2 ..... BVS ''''' 645 .... 8? ..... 8‘0 ----- 7‘7 '''''
& (ppm)

Figure 1. Aromatic region of the 'H NMR spectra with proton
assignment for compounds PDI-Py, [Ru(phen);]**, and RuPDI-Py in
DMSO-d,.

whereas the moiety of the PDI-Py ligand bound to Ru also
shows signals similar to phen ligands.

Spectroscopic Studies in DMSO. The absorption and
emission spectra of the RuPDI-Py dyad and corresponding
reference compounds in DMSO are shown in Figure 2 and the
data are summarized in Table 1. The absorption of the PDI-Py
ligand is characterized by two absorption bands at 420 and 720
nm (Figure 2A), attributed to the S, = S, and S, — §;
electronic transitions, respectively. These data are consistent
with previous literature data on similar compounds.”**™*’
The substitution at the bay positions resulted in a bath-
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Figure 2. Absorption and emission (Agx = 420 nm) spectra of the
PDI-Py ligand (A), [Ru(phen);]** (B), and RuPDI-Py dyad (C) in
deaerated DMSO solution (¢ = 20 gmol L™').

Table 1. Photophysical Properties in DMSO Solution

compound Appe nm (&, M ecm™!)  Agy, nm Tgyp DS Dpyy
PDI-Py 435 (9300) 767 1.75 0.03
720 (20,700)
RuPDI-Py 435 (30,100) 776 1.50
720 (33,900)
[Ru(phen);]** 450 (10,450) 610 1025 0.11¢

“Deaerated solutions.

ochromic shift of the absorption maxima (~185 nm), and the
loss of three characteristic vibronic absorption bands observed
in core-unsubstituted pPDIp ligand."”

The PDI-Py reference displayed an emission band with a
maximum at 780 nm, which originates from the lowest singlet
excited state (S,). The emission spectrum was independent of
the presence of oxygen, and the excitation spectrum
corresponded to the absorption spectrum (Figure S11). The
fluorescence lifetime and fluorescence quantum yield were
lower than those observed for pPDIp (73 = 3.5 ns and @y =
0.97 in DMF)."” According to the literature,”””**® pyrrolidine
bay-substituted perylene compounds exhibit low fluorescence
quantum yields and short fluorescence lifetimes in polar
solvents, due to the intramolecular charge transfer (CT)
character of the lowest excited state.

The absorption spectrum of the RuPDI-Py dyad preserves
the low-energy absorption of the PDI-Py chromophore at 720
nm, whereas the absorption band at 440 nm can be attributed
to the contributions of both PDI-Py and [Ru(phen),]*"
chromophores. The emission spectrum of the RuPDI-Py
dyad is independent of the photoexcitation wavelength (350—
700 nm) and of the presence of oxygen and resembles that of
the PDI-Py chromophore. However, it presents a small red-
shift of the maximum absorption (~9 nm), and the
fluorescence lifetime of 7., = 1.50 ns is shorter than that
observed for the PDI-Py reference (Table 1 and Figure S12).

To confirm the solvatochromic behavior of the S, — S,
electronic transition, the absorption and emission features of
PDI-Py and RuPDI-Py were measured in various solvents of
different polarities at room temperature and in a glass matrix at
77 K (Figure S14). The absorption spectra of both compounds
were not significantly influenced by the solvent, whereas the
fluorescence spectra were blue-shifted in the nonpolar solvents.
For more details, see S4 in the Supporting Information.

Notably, the intense and long-lived emission arising from the
3SMLCT state of the {[Ru(phen);]*'} chromophore was
completely quenched in the dyad in all organic solvents
evaluated. These results differ from those previously observed
for the [Ru(phen),(pPDIp)] dyad,'” which exhibited the
emission of both {[Ru(phen),]**} and {pPDIp} chromo-
phores.

Quenching of *MLCT of the {[Ru(phen),]**} moiety may
be related to electron transfer from the {[Ru(phen),]**} to the
{PDI-Py} unit.””** The energy transfer process was ruled out
by comparison of the excitation and absorption spectra (Figure
S11) and by comparison of the PDY-Py fluorescence of
optically matched solutions of the RuPDI-Py dyad and PDI-Py
(Figure S13). To gain further insights into the quenching
process, femtosecond (pump—probe) and nanosecond (flash-
photolysis) transient absorption methods were used to
investigate the excited-state properties of the PDI-Py ligand,
the RuPDI-Py dyad, and [Ru(phen);]** in DMSO solution.
The samples were excited at 720 nm, where only PDI-Py
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Figure 3. Femtosecond transient absorption spectroscopy of the PDI-Py ligand with 4., = 720 nm (A) and 450 nm (B) in DMSO: spectral

evolution and kinetic analysis at selected wavelengths.
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analysis at selected wavelengths.

absorbs, and at 355 or 450 nm, where both the {PDI-Py} and
{[Ru(phen);]*'} moieties absorb light.

The transient absorption spectra of the PDI-Py ligand
(Figure 3), obtained with A, of 450 and 720 nm, are
characterized by excited-state absorption with maxima at 480
and 963 nm and broad features up to 1600 nm and by negative
bands with peaks at 720 and 770 nm, assigned to ground-state
bleaching and stimulated emission, respectively. The isosbestic
points at 680 and ca. 840 nm indicate the presence of one
process and the absorption decay is characterized by a lifetime
of 1.40 ns all over the spectral range, in reasonable agreement
with the lifetime of 1.75 ns measured from luminescence
experiments. The observed features can thus be ascribed to the
lowest singlet excited state of PDI-Py. Upon excitation at 450
nm, a short lifetime of 10 ps preceding the decay of 1.40 ns is
observed (Figure 3B), which is attributable to S, — S, internal
conversion. The observed transient absorption spectrum of
PDI-Py is similar to that reported for the singlet excited state of
pyrrolidine-substituted perylene compounds.'*****~*" The
features of the triplet excited state of PDI-Py were not visible

in both picosecond and nanosecond time-regime measure-
ments.

The transient spectrum of the RuPDI-Py dyad recorded after
selective excitation of the PDI-Py component at 720 nm
(Figure 4) shows spectral features identical to those exhibited
by the PDI-Py ligand, indicating the formation of the singlet
excited state 'PDI-Py. The kinetic analysis demonstrates a
slightly shorter lifetime (1.30 ns) compared to that of the PDI-
Py model, as already reported in Table 1 for luminescence
intensity decays (73 = 1.50 ns).

The transient spectral changes obtained following the 450
nm excitation of the RuPDI-Py dyad differ from those
observed upon excitation of the PDI-Py model. Three families
of curves, characterized by different isosbestic points, are
identified (Figure 5). The end-of-pulse spectrum in Figure SA
shows features of both components: a positive broad
absorption at $34 nm is attributed to the *MLCT state of
the {[Ru(phen);]**} moiety (by comparison with the
spectrum exhibited by the [Ru(phen);]** reference, Figure
S15a) while the bleaching at 730 nm and the positive



0.10+ (A)

0.054 /L
. s

S 000 -
0.62 ps
o W |
259 ps
-0.10 ¢

0.104

0.054

-0.054

600 800 1000 1200 1400 1600
Alnm

0.104 (8) 1

259 ps

162 ps

-0.10 T ela T T T 3
600 800 1000 1200 1400 1600
Alnm
002, (D)
000/ r\
I |
0024 & TR
{ 9
K
4)04. T, =1ps
aos) 1, = 60 ps (rise)
@755 nm 13 = 1300 ps
~0.081 ® 1346 nm
0.10

0 1000 2000 30b0 4000 5000 6000 7000
time / ps

Figure 5. Femtosecond transient absorption spectroscopy of the RuPDI-Py dyad with A, = 450 nm in DMSO: spectral evolution and kinetic

analysis at selected wavelengths.

0.010 1

/ >N 105 ns
\

0.005 - / l

\ 380 us
- \
0.000 v — A ad V*"L v —
-0.005 T T T I T
400 500 600 700
Alnm

0.010

® 524nm
® 620 nm
0.005 n=4ps
1, =36 s
<
0.000 A%
P aat
=0.005 4 T T
0 25 50 75 100
time | us
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aDsorptlon at Y035 nm are characteristic ot the I’UI-py
chromophore (the negative band appears less structured due
to the absence of stimulated emission at 770 nm). This first
fast process (lifetime on the order of 1 ps) leads to small
spectral variations and is probably due to solvent-induced
relaxation. During the next step (2.59—162 ps, Figure SB), the
spectral evolution is characterized by the rise of a species with
a structured absorption in the 450—600 nm region, ground-
state bleaching, and positive absorption in the NIR region. The
time constant of this process is 60 ps, and the isosbestic point
at 580 nm indicates the interdependence of the two species
involved in the absorption. On a longer time scale (up to 6000
ps) in Figure SC, the spectrum decays with the same kinetics
observed for 720 nm excitation (7 = 1.30 ns), indicating the
decay of the 'PDI-Py state, due to the direct excitation of the
chromophore in the dyad (approximately 50%). It is
interesting to note that the last spectrum exhibits a small
positive band at 800 nm and peaks at 490 and 530 nm,
suggesting that the new species formed in 60 ps remains on
longer time scales. This species can be attributed to the charge-
separated (CS) state {Ru**-(PDI-Py*~)}, by considering that

the radical anion of perylene dumide units substituted with
pyrrolidine is characterized by an absorption peak at 800
nm, *** and by comparison with the spectral features obtained
from UV—vis spectroelectrochemistry upon reduction of the
RuPDI-Py dyad (Figure S18).

Nanosecond transient absorption spectroscopy was per-
formed to obtain precise information about the long-lived
states in the dyad (Figure 6). The initial spectrum displays a
structured positive absorption between 450 and 600 nm and
ground-state bleaching between 600 and 700 nm. It can be
noticed that the structure of the band in the 450—600 region
disappears over time, leaving a broadband peaked at S00 nm.
Furthermore, different isosbestic points are present in the
450—600 nm region: 575 nm in the time interval 105 ns to 2
us and 595 nm above 10 us. This demonstrates that two
consecutive processes are in place. A global fit analysis (Figure
S16) with two components yielded two lifetimes of 4 and 36
us: the spectral distribution of the lifetimes’ amplitudes reveals
that the species that lives 4 ys shows the features of the {Ru’**-
(PDI-Py*~)} CS state, while the species with 7 = 36 us can be
attributed to the triplet state *PDI-Py. The latter spectral



features, in fact, are compatible with those reported for the
triplet excited state of PDI bay-substituted compounds.'****’
Population of the PDI-Py triplet state from deactivation of the
CS state can be speculated but cannot be experimentally
determined due to the extensive overlay of the signals.

A qualitative energy—level diagram describing the photo-
physics of the RuPDI-Py dyad is presented in Scheme 2. The

Scheme 2. Qualitative Energy—Level Diagram of RuPDI-Py
Dyad in DMSO“
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“Blue: excitation at 450 nm; green: excitation at 720 nm. Estimation
of the CS level on the basis of electrochemical data (Table S3).

excitation of {PDI-Py} at 720 nm results in the population of
the 'PDI-Py state, which decays with fluorescence at 780 nm.
The population of 'MLCT is followed by efficient ISC to
SMLCT. The quenching of the *MLCT luminescence can be
attributed to electron transfer from the {Ru(phen);}** moiety
to the {PDI-Py} component, through the formation of the CS
intermediate state {Ru**-PDI-Py*"} in 60 ps. The CS state
decays with a lifetime of 4 ys to generate a long-lived triplet
state *PDI-Py (36 us). It is important to emphasize that the
formation of the long-lived *PDI-Py state was observed only in
the RuPDI-Py dyad upon excitation of the {Ru(phen),}**
moiety, and there was no evidence of its generation in the PDI-
Py ligand, reinforcing the importance of the participation of
the Ru(Il) metal center in the process.

Singlet Oxygen Photogeneration. The singlet oxygen
(*0,) photogeneration capacity of the RuPDI-Py dyad, the
PDI-Py ligand, and [Ru(phen),]** in DMSO was evaluated
using 9,10-dimethylanthracene (DMA) as a quencher of 'O,.
According to the literature,”” DMA absorption would be
bleached upon the chemical quenching reaction of DMA with
'0,. Figures 7, S18 and S19 show the UV-vis spectral
evolution of a DMA solution in DMSO recorded during the
irradiation of the compounds using 450 and 720 nm light.

Irradiation of the RuPDI-Py dyad at 450 nm decreases the
absorption of DMA at 380 nm, indicating its reaction with 'O,
photogenerated by this compound. In contrast, irradiation at
720 nm does not result in DMA spectral changes,
demonstrating that this excitation wavelength cannot photo-
sensitize 'O, generation. These results indicate that the *PDI-
Py state is probably responsible for the photosensitization of
'0, via an energy-transfer process and corroborates the
transient data, where the formation of the triplet state was
observed only after excitation at 450 nm. Irradiation of the
PDI-Py ligand at 450 and 720 nm did not cause any change in
the DMA absorption spectrum, demonstrating that the free
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Figure 7. Bleaching of DMA in DMSO upon irradiation at 450 nm
(A) and 720 nm (B) in the presence of the RuPDI-Py dyad, PDI-Py
ligand, and [Ru(phen),]**. A solution containing DMA was used as a
control.

ligand was not able to generate 'O, and that the formation of
the triplet excited state responsible for 'O, sensitization did
not occur, as observed in the transient absorption results.

CONCLUSIONS

The photophysical properties and excited-state dynamics of the
RuPDI-Py dyad suggest that the electron-donating ability of
pyrrolidine at the PDI bay position, phenanthroline sub-
stitutions at the PDI imide positions, and coordination to the
{Ru(phen);} moiety significantly influence the photophysics of
both chromophores. The presence of pyrrolidine at the bay
positions mainly causes an increase in the HOMO energy level,
whereas the presence of 1,10-phenanthroline (acceptor group)
at the imide position contributes greatly to a decrease in the
LUMO energy and increases the distortion of PDI planarity.
These effects decrease the HOMO—LUMO energy gap and
bring closer the MLCT and PDI-Py electronic transitions,
resulting in changes in the photophysical properties of the
dyad. The coordination of PDI-Py to the {Ru(phen),}**
moiety is crucial for establishing an electron transfer process
between the {(Ru(phen);)*'} and the {PDI-Py} components
generating a CS state which subsequently populates the *PDI-
Py state that decays with a long lifetime. Herein we obtained a
NIR luminescent material that shows unique photophysical
properties dependent on the excitation wavelength. The dyad
presents multifunctional properties for simultaneous diagnosis
in the infrared region and treatment with a significant
generation of 'O,, which prompts its use in photomedicine
applications.
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