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ABSTRACT: Perylenediimides (PDIs) are among the best-known chromo-
phores for optoelectronic applications. Their photophysics in oxygen-rich
environments remains, however, underexplored. In this study, we investigate
three different PDI derivatives using steady-state and time-resolved absorption
and emission spectroscopy in toluene with different oxygen concentrations.
Unsubstituted PDI and 1,7-bay-substituted PDI featuring diphenylphenoxy
groups exhibit oxygen-mediated sequential down-conversion. Upon photo-
excitation, the singlet excited state (S;) of PDIs interacts with molecular oxygen
(?0,) to generate singlet oxygen ('O,) via the formation of the triplet excited
state (T,) of PDIs. Subsequently, (T,)s of PDIs sensitize an additional >0, to
produce a second 'O,. Overall, one (S;) produces two 'O,. Importantly, this
process depends on energy requirements: on one hand, the energy difference

between (S;) and (T,), and on the other hand, the (T;) energy level should
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exceed that of 'O,. Our work illustrates the oxygen-mediated sequential down-conversion in perylenediimides and reveals its effects.
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1. INTRODUCTION

Perylenediimides (PDIs) and their derivatives are among the
most extensively studied dyes due to their outstanding
photophysical and chemical properties.”” In particular, PDIs
exhibit high molar absorption coeflicients in the visible light
region, high fluorescence quantum yields, and high thermal
and chemical stability. All of the aforementioned renders them
highly versatile for applications including optoelectronics,
photovoltaics, and bioirnaging.3_1 Moreover, PDIs feature
several positions, including bay-, ortho-, and imide-positions,
which constitute a versatile platform for manipulating the
overall chemical structure.' ">

Currently, the modification of PDIs has attracted consid-
erable interest in the design of photocatalysts for water
splitting, degradation of pollutants, to name just a few.">~"”
Among these, activating dioxygen (O,) for the generation of
reactive oxygen species (ROS) stands out due to its gotential
application in the fields of artificial photosynthesis’”>' and
photodynamic therapy.””*®> However, the development of
efficient PDI photocatalysts for ROS-driven photosynthesis is
limited, especially when focusing on singlet oxygen gener-
ation.'*'¥?*72¢ ROS, such as hydrogen peroxide (H,0,),
superoxide (O,”), and hydroxyl radicals (OH) are produced
by means of electron transfer process, whereas the generation
of singlet oxygen ('O,) from ground-state triplet molecular
oxygen (*0,) requires a mechanism to facilitate spin-state
transitions, enabling the system to overcome spin-flip
constraints inherent to the process.”””* By far the most
common method to generate 10, is energy transfer, that is,
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reacting a photosensitizer (PS) with *0,. This process starts
with the photoexcitation of PS to create its singlet excited state
(S;), followed by intersystem crossing (ISC) (S; — T,) to
populate the triplet excited state (T,). Subsequently, 'O, is
formed via a Dexter energy transfer from (T,) of PS to *0,;
(T,) +30, = (Sy) + '0,.””" Implicit is the fact that the T,
energy of PS should be higher than the singlet—triplet energy
gap of O, (0.976 eV). Notably, the (T,)s of PDIs are reported
to be around 1.15 eV, which meets the PS requirements.’' >
For an efficient 'O, generation using PDI based PSs,
nonradiative ISC must outcompete any radiative decays.
Despite recent reports on PDI derivatives that feature near-
unity fluorescence quantum yields, significant singlet oxygen
quantum yields (®,), such as 36% for core-unsubstituted
PDI*® and 15% for tetra-pyridyl-substituted PDIL'* were
measured using 1,3-diphenylisobenzofuran (DPBF) as a singlet
oxygen probe. Based on transient absorption spectroscopic
measurements, PDI-pyrrolidine derivatives lack any long-lived
(T,) in oxygen-free solvents.”*** Some derivatives still reveal
®,s of roundabout 16%.°° This puts a question mark over the
reliability of singlet oxygen detection.’” For example, DPBF as
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a probe lacks specificity and reacts with superoxide species or
even hydrogen peroxide.”®” A mechanistic understanding for
affording such @ ,s remains sketchy and vague. What is missing
are photodynamic studies of PDIs that are performed under
oxygenated conditions.

In this work, one core-unsubstituted PDI (PDI-1)"" and two
core-substituted PDIs with diphenylphenoxy groups at the 1,7-
bay (PDI-2)*" and 2,5,8,11-ortho positions (PDI-3),** for
which near unity ®@gs have been reported, were synthesized
and investigated (Figure 1).""*** Oxygen effects on the

)40

PDI-1: X=Y=H
PDI-2: X=R; Y=H
PDI-3: X=H; Y=R

Figure 1. Chemical structures of PDI-1, PDI-2, and PDI-3.

photophysical dynamics, including 'O, generation, of these
PDIs were probed by steady-state and time-resolved spectros-
copies. Density-functional theory (DFT) and time-dependent
DFT (TD-DFT) calculations provided independent confirma-
tion of the experimental results. To avoid aggregation,
concentrations of less than 107> M were used. In oxygen-free
toluene, none of the PDIs exhibit any detectable ISC or (T,)
formation. In, however, the presence of oxygen, PDI-1 and
PDI-2 exhibited a sequential down-conversion, in which one
(S;) produces two 'O, with *0, and (T;) as intermediate.
Notably, the oxygen-mediated sequential down-conversion
contributed to 37% of @, for PDI-2 in O,-saturated toluene,
as well as 30% of @, for PDI-1. Overall, the energy levels of
(S;) and (T,) are proven essential with the requirements of
E(S;) — E(T,) > 0.976 ¢V and E(T,;) > 0.976 eV. This
sequential down-conversion mechanism is potentially appli-
cable to all PDIs possessing appropriate (S;) and (T,) energy
levels. These findings not only enrich our knowledge of the
photophysical properties of PDIs but also provide deeper
insights into oxygen-mediated sequential down-conversion,
paving the way for broader applications of PDIs in photo-
sensitization and singlet oxygen generation technologies.

2. OVERVIEW OF THE OXYGEN-MEDIATED
SEQUENTIAL DOWN-CONVERSION

In oxygen-mediated sequential down-conversion, two steps are
considered (Figure 2). In the initial step, the chromophore is
photoexcited to its (S,). Subsequently, (S,) transitions to (T)
in a spin-allowed singlet—triplet annihilation involving the
excited chromophore and *0,: (S;) + 0, — (T,) + 'O,. This
reaction is well-established and requires a singlet—triplet
energy gap of the PS to exceed the energy of 'O, and, in
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(So) :
step 1: (84) +30,— (Ty) + 10,
step 2: (Ty) +30,— (Sy) + 10,

step 1 + step 2: (S,) +230,— (S,) +2'0,

Figure 2. Kinetic scheme of oxygen-mediated sequential down-
conversion.

turn, to satisfy the condition: E(S;) — E(T;) > 0.976 eV.”® For
PDIs, this reaction occurs in the diffusion-control limit.>”*® In
the second step, a second 'O, is sensitized by (T,), which is
generated in the first step: (T,) + 0, — (S,) + 'O,. This step
also proceeds under diffusion-controlled conditions if the (T,)
energy is higher than that of 'O, (E(T,) > 0.976 €V). In
summary, oxygen mediates a sequential down-conversion as
shown in Figure 2. In this process, (S;) of the chromophore is
subject to a two-step energy transfer, resulting in two 'O, after
absorbing a single photon. (T;) of the chromophore serves
hereby as an intermediate. Such an oxygen-mediated,
sequential down-conversion potentially increases the efficiency
of 'O, generation.

3. EXPERIMENTAL SECTION

Steady-state UV—vis absorption spectroscopy was carried out
with a UV-1900i (Shimadzu) two-beam spectrophotometer.
Steady-state fluorescence spectroscopy was recorded using an
Edinburgh FSS spectrometer. Time-correlated single photon
counting (TCSPC) experiments were carried out with a
Spectrofluorometer FSS system from Edinburgh Instruments,
integrated with an operating software called Fluoracle. A
pulsed UV—vis picosecond laser system from PicoQuant was
used to generate the excitation pulses. The fluorescence decay
curve fits and lifetime analyses were performed with the
software Fluoracle from Edinburgh Instruments. A Horiba
Jobin Yvon FluoroLog3 emission spectrometer with a
Symphony II detector in the near-infrared (NIR) detection
range recorded the singlet oxygen emission spectra. The
analysis and quantification of singlet oxygen quantum yield
(®,) was done using the relative method. > In this study, Ceo
in toluene was used as a reference (®p g = 0.98)."° All
spectra were acquired at room temperature using 10 X 10 mm
quartz glass cuvettes. Oxygen/Argon purging was conducted
by continuously flowing high-purity oxygen/Argon gas for 15
min under gentle flow conditions, as indicated by the steady
formation of bubbles in the sealed cuvette. The cuvette was
equipped with both gas inlet and outlet needles to maintain a
constant atmosphere and minimize solvent evaporation.
Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were performed in distilled dichloromethane solutions
(purged with Ar for 1S min) containing 0.1 M tetrabuty-
lammonium hexafluorophosphate (TBAPF,) as supporting
electrolyte. Potentials were applied by a pAutolab III/FRA2
potentiostat (METROHM) controlled by the PC. The
measurements were conducted in a home-built three-electrode
configuration system. A glassy platinum (2 mm diameter), a
platinum wire and a silver wire were employed as the working,
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Figure 3. (a) Summary of the calculated HOMO/LUMO energies (top) and the first oxidations/reductions based on differential pulse
voltammetry measurement shown in Figure 4a (bottom) of PDI-1, PDI-2, and PDI-3. (b) Energy-level diagram illustrating the calculated vertical
transitions of (S;) and (T,) as well as vertical (S,) — (T,) energy gaps for PDI-1, PDI-2, and PDI-3 in comparison to 'O,.

Table 1. Steady-State Absorption Maxima A, Fluorescence Maxima A, Fluorescence Quantum Yields ®, and Singlet
Oxygen Quantum Yields ®, of PDI-1, PDI-2, and PDI-3 in Toluene

Aaps (nm) Aem (nm)
PDI-1 458/489/525 535/577/626
PDI-2 481/516/555 575/617/679
PDI-3 465/498/537 547/591/645

E(sl)a (eV) CDFI’ ¢'AC
2.340 100%/95%¢/78%" 9%°/30%"
2.206 949%%/88%¢/73%" 129%°/37%"
2292 80%°

“E(S,) is determined by the cross-pointing of normalized absorption and emission spectra. “This value is determined by a relative method using
PDI-1 in toluene after Ar-purging 15 min (@ = 100%) as a standard. “This value is determined by a relative method using Cg, in toluene (@, =
98%) as a standard. “Samples are measured after 15 min Ar-purging. “Samples are measured in ambient conditions.”Samples are measured after 15

min O,-purging.

counter, and reference electrode, respectively. Ferrocene (Fc)
was used as an internal standard and all the potentials were
given relative to the Fc/Fc* couple. The scan rate was kept at
50 mV/s for CV.

Ultrafast pump—probe transient absorption spectroscopy
(TAS) was performed using an Astrella-F-1K amplified
Ti:sapphire femtosecond laser system from Coherent,
operating at a repetition rate 1 kHz, 5.5 W power (5 mJ
pulse energy), pulse duration of 80 fs. To acquire the time-
resolved transient absorption spectra on a subps or ns
resolution, an Ultrafast Systems HELIOS or EOS fs/ns
transient absorption spectrometer was used with time delays
from 0 to 7000 ps and 1 ns to 400 s, respectively. For subps,
white light for the probing pulse in the visible region of the
optical spectrum was generated by focusing part of the
fundamental 800 nm output onto a 2 mm sapphire disk. For ns
time scale experiments, white light for probing was generated
by a photonic crystal fiber supercontiuum laser with a 1064 nm
fundamental. The excitation wavelength was generated via a
TOPAS Prime from Light Conversion with standard NirUVis
extension. Data evaluation of fs-TAS and ns-TAS was
conducted by a combination of multiwavelength and global
analysis using the GloTarAn software, which is a free, Java-
based graphical user interface to the R-package TIMP.*~*

The molecular structure was initially conformationally
optimized using the global optimizer algorithm (GOAT,
ORCA 6.0, GEN2-xTB).”>*" The global minimum structure
was further optimized with density-functional theory (DFT) at
the B3LYP-GD3B]J/def2svp level in Gaussian16.>>7>° Excited
states were calculated using time-dependent density functional
theory (TD-DFT) at the same level as for the geometry
optimizations. Excited states were calculated in the gas phase.

The Avogadro software was used as a visualization for the
computation result.”®

4. RESULTS AND DISCUSSION

4.1. Density-Functional Theory Calculations. First, the
molecular structures of PDIs were conformationally optimized
using the global optimizer algorithm (GOAT, ORCA 6.0,
GFN2-xTB).°>*! These structures of the global minima were
further optimized with density-functional theory (DFT) at the
B3LYP-GD3BJ/def2svp level in Gaussian16.”" > Afterward,
the frontier molecular orbital (FMO) analysis and the excited-
state energy levels of PDI-1, PDI-2, and PDI-3 were
calculated.

The molecular-orbital surfaces of the highest occupied
molecular orbitals (HOMOs) and lowest unoccupied molec-
ular orbitals (LUMOs) and their relative energy levels for PDI
1-3 are shown in Figures 3a and S1-S3. For PDI-1, both
HOMO and LUMO are localized on the perylene core with
energy levels of —6.156 and —3.642 eV, respectively. The
corresponding HOMO — LUMO gap, (AEg) is 2.514 eV.
Attaching electron-donating diphenylphenoxy groups at either
the bay (PDI-2) or ortho (PDI-3) positions increases the
frontier-orbital energy levels of PDI-2 and PDI-3. Notably, the
LUMOs of PDI-2 and PDI-3 are delocalized on the perylene
core and the oxygen heteroatom sites with LUMO energies of
—3.300 and —3.291 eV, respectively. In PDI-2, with
diphenylphenoxys in the bay region, the HOMO is delocalized
across the PDI core, oxygen atoms, and slightly onto the
diphenylphenoxy groups. Therefore, the energy increase of the
HOMO to —5.675 eV is larger than that of the LUMO to
—3.300 eV. As such, PDI-2 displays the lowest AE, of 2.375
eV among the three PDIs. In contrast, the HOMO of PDI-3 is
localized on the PDI core and on the oxygen atoms. Its energy
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Figure 4. (a) Differential pulse voltammetry in degassed dichloromethane with 0.1 M TBAPF as supporting electrolyte. A Pt (2 mm diameter)
glass, a platinum wire, and a silver wire were employed as working, counter, and reference electrodes, respectively. Ferrocene (Fc) was used as an
internal standard and all the potentials are given relative to Fc/Fc*. (b) Steady-state absorption and (c) normalized steady-state fluorescence
spectra in toluene at ambient conditions of PDI-1, PDI-2, and PDI-3.

level of —5.919 eV lies between that of PDI-1 and PDI-2. AE, 4.2, Steady-State Characterization. The electrochemical
of PDI-3 is larger than that of PDI-1 with 2.628 eV. Notably, properties were studied by cyclic voltammetry (CV) and
the calculated results are consistent with the electrochemical differential pulse voltammetry (DPV) in degassed dichloro-
properties observed in differential pulse voltammetry measure- methane (Figures 3a and 4a; Figure S5). PDI-2 and PDI-3
ments (Figure 3a, vide infra), indicating that the electronic feature distinct reductions and oxidations compared to PDI-1
structures of PDI-2 and PDI-3 are modulated by attaching with their electron donating diphenylphenoxy groups. The
diphenylphenoxy groups. presence of the latter renders the reduction of PDI-2 and PDI-
The vertical excitation of (S;) and (T;) of PDI derivatives 3 harder at —1.19 V and —1.23 V, respectively, relative to that
were calculated by time-dependent DFT (TD-DFT) at the of PDI-1 at —1.09 V. Oxidation of PDI-2 and PDI-3, on the
B3LYP-GD3BJ/def2svp level; their excitation energy, assign- other hand, is facilitated. In particular, PDI-2 displays the
ments, and oscillator strength (f) are shown in Table S1. The lowest oxidation at +0.98 V followed by PDI-3 at +1.22 and
calculated vertical energies of (S;) are 2.404, 2.171, and 2.339 1.32 V for PDI-1. As shown in Figure 3a, the experimental
eV for PDI-1, PDI-2, and PDI-3, respectively, which match DPV trends correlate well with the theoretical results.
with the absorptions (vide infra, Table 1). For PDI-1 and PDI- In toluene, steady-state absorpAti(‘)n and ﬂuoresc‘en.ce .spectr.a
2, (S,) is found to be HOMO—LUMO, with high f-values of of PDI-1, PDI-2, and PDI-3 exhibit the characteristic vibronic
0.735 and 0.409, respectively (Figures S1—S2 and Table S1). fine-structure of PDIs under ambient conditions, as shown in

As discussed in the FMO analysis, the HOMO—LUMO Figures 4b and 4c and summarized in Table 1. The absorption
) . . . . .
transition in PDI-2 is locally excited (LE) with slight charge- of fI;D,I'l maxnfmzesl f; Szlsosng/[nl 1w1t2 ;Il nfxlolar extlnct'lon
transfer (CT) character. In PDI-3, however, (S;) contains coethicient (€) ofca 111 X cm . lts Hluorescence is a
61.6% HOMO—LUMO and 36.2% HOMO—1—LUMO and mirror image with a 535 nm maximum. PDI-2 and PDI-3
an oscillator strenath as low as 0.171. Here. HOMO—1 is exhibit red-shifted and broadened absorption and fluorescence.
. . & B ’ For PDI-2, the absorption is red-shifted to 555 nm and ¢ is
mainly localized on one of the diphenylphenoxy groups 0.69 X 10° M~'em™. Its fluorescence is even further red-
(Figure S3). To describe (S;) of PDI-3 better, the natural shifted to 575 nm Fo.r PDI-3, the corresponding absorption
transition orbitals (NTOs) are shown in Figure S4. The HO- ' ’ P & P

. : . and fluorescence maxima are found at 537 and 547 nm,
NTO is localized on the perylene core, oxygen heteroatom site, respectively. And PDI-3 displayed the lowest & with 0.51 X 10°

and one Of_ the. diphenylphenoxy groups, but the LU-NTO M~'em™. The decrease of ¢ (PDI-1: 1.11 X 10° > PDI-2: 0.69
lacks ‘contrlbutlons of the lattgr. In f.hort, (Sy) of. PPI-3 X 105 > PDI-3: 0.51 X 105 M~'cm™") correlates well with the
exhibits mostly LE-character with a minor CT-contribution. trend seen for the TD-DFT calculated f (PDI-1: 0.735 > PDI-
For (T,), the vertical energies of PDI-1, PDI-2, and PDI-3 are 2: 0409 > PDI-3: 0.171). Decreasing ¢ and f imply an
1221, 1.192, and 1451 eV, respectively (Table S1). Moreover, intensity reduction of the z-7* transitions across the series,

for all PDIs, (T,)s are dominated by HOMO—LUMO. All which is attributed to differences in their electronic structures
three (T,)s exceed the energy of 'O, with 0.976 eV and, in (vide supra).>"®

turn, enable step 2 of Figure 2. The vertical energy gaps The effects of O, on the steady-state optical properties of the
between (S,) and (T,) (E(S,) — E(T,)) are 1.183, 0.979, and PDIs investigated were explored by measuring their steady-
0.888 eV for PDI-1, PDI-2, and PDI-3, respectively. state absorption, fluorescence, and singlet-oxygen emission

Importantly, the E(S;) — E(T;) of PDI-1 is 0.207 eV greater under three different conditions: Ar-purging (no O,), ambient
than the energy of 'O,. For PDI-2, the vertical energy gap is atmosphere (low O,), and O,-purging (high O,) (Figure S and

only 0.03 eV larger than the energy needed to activate 'O,. Table 1). First, the photophysics of the three PDIs in Ar-
The vertical energy gap is, however, 0.135 eV below the energy purging toluene were investigated to uncover the intrinsic
of '0, in PDI-3. PDI-3 falls short of the energy requirements photophysical properties. Taking PDI-1 in toluene after Ar-
for step 1 of the oxygen-mediated, sequential down-conversion. purging (P = 100%) as a reference, PDI-2 exhibits a lower @
PDI-1 and PDI-2 satisfy the energy requirement. with 94%, and PDI-3 displays the lowest @ with 80% in the
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Figure S. (a, d, g) Steady-state absorption, (b, e, h) fluorescence, and (g, f, i) singlet oxygen emission of (top, a—c) PDI-1, (middle, d—f) PDI-2,
and (bottom, g—i) PDI-3 under three different environmental conditions: Ar-purging (red), ambient atmosphere (black), and O,-purging (blue).

same environment. To gain deeper insights, the radiative (k,)
and nonradiative (k,.) rate constants of the three PDIs were
determined (Full details are shown in the Supporting
Information). As a cross check, we note that decreased ks
(PDI-1: 2.08 X 10® > PDI-2: 1.59 X 10® > PDI-3: 1.38 X 10°
s7!) align well with the decreases in & and £°*~°° In contrast,
ks give rise to an opposite trend (PDI-1: 0 < PDI-2: 0.10 X
10° > PDI-3: 0.34X 10° s'). In the absence of intersystem
crossing (ISC) (vide infra), enhanced nonradiative decays in
PDI-2 and PDI-3 are attributed to the conformational
flexibility stemming from the diphenylphenoxy substituents,
which enable intramolecular motions and, in turn, facilitate
nonradiative transitions.®"**

Next, the three PDIs were compared under different O,
concentrations. PDI-1 and PDI-2 exhibit similar behaviors.
Their fluorescence starts to decrease as the O, concentration
increases, while the singlet oxygen emission increases. We
conclude that (S;)s of PDI-1 and PDI-2 are quenched by O,

to generate 'O,. For example, fluorescence quantum yields
(®g) of PDI-1 decrease from 100% upon Ar-purging to 95% in
ambient air and to 78% upon O,-purging. The singlet oxygen
quantum yield (®,) of PDI-1 increases from 9% under
ambient conditions to 30% after O, purging, using Cg, in
toluene as a standard (®, = 98%). For PDI-2 which has a
lower thermodynamic driving force for (S;) + *0,— (T,) +
'0,, @ values are 94%, 88%, and 73% in toluene upon Ar-
purging, ambient atmosphere, and O,-purging conditions,
respectively. Correspondingly, ®,s are 12% in an ambient
atmosphere and increase to 37% after O,-purging. No
differences were observed in PDI-3 under any conditions:
No 'O, emission is observed for PDI-3 regardless of the
solvent. We hypothesize that no process of (S,) +°0, — (T,)
+ 'O, plays a role in PDI-3.

4.3. Time-Resolved Characterization. For PDI-1 and
PDI-2, the quenching of (S;) is further confirmed by time-
correlated single-photon counting (TCSPC) (Figure S6 and
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Figure 6. Nanosecond transient absorption spectroscopy (ns-TAS) of PDI-1 in toluene at (left) Ar-purging, (middle) ambient atmosphere, and
(right) O,-purging conditions. (a—c) Heat-map of ns-TAS raw data obtained from pump—probe experiments at 510 nm photoexcitation. (d—f)
Time absorption profiles as well as corresponding fits of selected wavelengths (see the figure legend for details). (g—i) Evolution-associated spectra
(EAS) showing the relaxed singlet excited state (S;) (black) and the triplet excited state (T;) (red). Inset: normalized EAS. (j—1) Relative
populations of the respective states.

Table S2). In toluene and under Ar, the fluorescence follows a
monoexponential decay with a lifetime of 4.8 ns. Under

ambient conditions and after O,-purging, the fluorescence of
PDI-1 in toluene is still monoexponential, but the lifetimes are
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Figure 7. Time absorption profiles obtained from ns-TAS as well as corresponding fits of selected wavelengths of (top) the triplet excited state (T,)
signatures and (bottom) the singlet excited state (S;) signatures of (a) PDI-1, (b) PDI-2, and (c) PDI-3 in toluene under three different
conditions: Ar-saturated (red), ambient atmosphere (black), and O,-saturated (blue).

4.5 and 4.0 ns, respectively. A similar trend evolves for PDI-2,
where (S,) is quenched by O, and leads to shorter and shorter
fluorescence lifetimes as the O, concentration is increased.
Hereby, PDI-2 features slightly longer lifetimes than PDI-1
under identical conditions; 5.9 ns after Ar purging, 5.4 ns in
ambient air, and 4.6 ns after O, purging. PDI-3 behaves
distinctly differently with a 5.8 ns lifetime regardless of the
conditions. This indicates that (S;) of PDI-3 is not susceptible
to O,-quenching, in sound agreement with the results obtained
from the steady-state assays.

Next, femto- and nanosecond transient absorption (fs- and
ns-TAS) were performed to further investigate the excited state
dynamics of the three PDIs. As TCSPC results suggest, oxygen
is unlikely to exert any appreciable impact on the excited state
dynamics in the femtosecond time range. For fs-TAS
measurements, we focused on toluene as solvent after Ar-
purging. As shown in Figures S7a—S9a, the vibrationally hot
singlet excited state (S;)p,; of the PDIs in toluene are
generated with the conclusion of photoexcitation. Raw data
from fs-TAS experiments of the three PDIs were best fitted by
global analysis with a sequential kinetic model based on two
species via Glotaran.”® (Figures $7—S9; Table S3). Both of
these species exhibit identical spectroscopic features. On this
basis, we assign them as the vibrationally hot singlet excited
state (S1)no and the relaxed singlet excited state (S;), that is,
prior and after relaxation to the minimum of the potential
energy surface via structural relaxation and solvent reorganiza-
tion. The lifetime of (S;)y,, varied for the different PDIs: 2.9,
10.4, and 42.8 ps for PDI-1, PDI-2 and PDI-3, respectively.
We rationalize this observation by the structural flexibility and
the diphenylphenoxy substitution that slow down structural

relaxation. It is noted that (S;) of the three PDIs is not
completely deconvoluted on fs-TAS time scale.

ns-TAS was performed to explore the fate of (S;) and the
effects of O, on the excited-state dynamics. A sequential global
analysis of the raw data was carried out via Glotaran.”® The raw
data and fitting results are shown in Figures 6, 7, S10, and S11
and Table S3. For PDI-1 in toluene after Ar-purging, ns-TAS
exhibits the same spectroscopic features as observed in fs-TAS,
namely, the overlap of ground state bleaching (GSB) and
stimulated emission (SE) in the range from 400 to 650 nm
with minima at 457, 489, 530, 570, and 623 nm along with two
excited-state absorptions (ESAs) in the range from 400 to 442
and from 650 to 800 nm (Figure 6a and d). The
aforementioned characteristics remain across the range of
excited-state dynamics. The raw data is best fitted by a singlet-
species sequential mode, yielding a lifetime of 4.2 ns, which
matches that observed in TCSPC. Therefore, it is the same as
the second species in fs-TAS analyses, namely the relaxed
singlet excited state (S;) (Figures 6g and 6j).

For PDI-1 in toluene under ambient conditions, the initial
characteristics of ns-TAS are the same as (S;) observed when
purged with Ar (Figures 6b and 6e). Interestingly, new ESAs in
the 400—500 and 550—650 nm ranges with maxima at 470 and
560 nm are discernible at a delay of ca. 10 ns. ns-TAS data of
PDI-1 in toluene under ambient conditions are best fitted by a
sequential mode based on two species (Figures 6h and 6k).
The first species exhibits spectral features identical to those of
(S,) observed in the PDI-1 when O, is absent. Therefore, we
attribute it to (S;). Notably, the (S,) lifetime of PDI-1 under
ambient conditions is shorter at 4.0 ns. The second species
displays two ESAs in the range of 400—500 and 550—650 nm
with ESA maxima at 470 and 560 nm, respectively, next to a
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GSB minimum of 525 nm, in excellent agreement with the
(T,) characteristics found in previous investigations.”*®> The
(T,) lifetime is 632.8 ns. Consequently, when O, is present,
(T,) formation sets in for PDI-1 via (S;) + 0, — (T,) + '0,.
Moreover, (T;) of PDI-1 is shorter-lived under ambient
conditions than the microseconds typically reported.’>*
Implicit is a (T,) quenching by O, via (T;) + >0, —(S,) +
' 0,. The oxygen-mediated, sequential down-conversion of
PDI-1 is further confirmed through ns-TAS in toluene after
O,-purging (Figures 6cfil and 7a). At first glance, no
differences were noted. In particular, (S,) transitions to (T,)
by the mediation of 'O, (Figures 6¢ and 6f). Subtle differences
emerged, however, when comparing the kinetics of (S;) and
(T,) (Figure 7a). In fact, the (S;) ESA at 690 nm tends to
become shorter-lived as more O, is present and the (T;) ESA
formation at 470 nm becomes faster. But, also the (T,;) ESA at
470 nm is shorter-lived. To quantify these differences, ns-TAS
of PDI-1 at O,-saturation is best fit using a kinetic model with
two sequential species, (S;) and (T,) (Figures 6i and 6l). It is
noted that the quenching of (S,), (S;) + *0, — (T,) + '0,,
and (T,), (T,) + 30, = (S,) + 'O,, are both diffusion-
controlled and affected by the concentration of O,. (S;) and
(T,) lifetimes are 3.4 and 45.5 ns with O, and 4.0 and 632.8 ns
under ambient conditions, which prompts to an oxygen-
mediated sequential down-conversion in PDI-1.

All ns-TAS raw data and fitting results of PDI-2 in toluene
are shown in Figure 7b, Table S3, and Figure S10. The effects
of O, on the excited-state dynamics of PDI-2 are similar to
those observed for PDI-1. In toluene, after Ar-purging to
remove O,, PDI-2 is photoexcited to afford (S;) with its 4.9 ns
decay lifetime to (S,) without showing any evidence of (T,)
involvement. In the low O, concentration range, that is, under
ambient conditions, we note for PDI-2 (S;) and subsequently
(T,), with lifetimes of 4.8 and 484.5 ns, respectively. Both are
shorter in the high O, concentration range with values of 4.0
and 55.4 ns, respectively. In summary, PDI-2 is subject to an
oxygen-mediated sequential down-conversion.

Finally, the effects of O, on the excited-state dynamics of
PDI-3 were investigated (Figures 7c and S11; Table S3).
Regardless of the presence or absence of oxygen, PDI-3 is
photoexcited to (S;) and subsequently decays back to the
singlet ground state (S,) with ca. 5.4 ns in ns-TAS
measurements. No (T;) formation is observed. This trend
agrees well with the observations made in TCSPC experi-
ments, that the fluorescence lifetime is unaffected by O,.
Therefore, PDI-3 fails to undergo an oxygen-mediated
sequential down-conversion.

4.4. Stability. The ultimate goal is to exploit efficient O,
sensitizers of high chemical stability. The PDI derivatives in
toluene solution were stored in individual clean sealed vials
under well-lit ambient conditions and steady-state absorption
spectra recorded periodically over 20 days. Under these
conditions, all PDI derivatives exhibit excellent ambient
stability (Figures S9 and S10). The high chemical stability of
PDI-1 and PDI-2 emphasizes their robust ground and excited
states despite oxygen-mediated sequential down-conversion
occurring readily.

4.5. Discussion. Our study demonstrates the oxygen-
mediated sequential down-conversion in PDI-1 and PDI-2,
which not only sheds light on the influence of oxygen on the
excited-state dynamics but also offers a new strategy for
designing efficient 'O, sensitizers. Based on our theoretical and
experimental results, the essential criteria for energy level

matching in oxygen-mediated sequential down-conversion has
been established. For PDI-1 and PDI-2, where the energy gap
between (S;) and (T,) is larger than 0.976 eV, which is the
energy of 'O,, efficient (S;) quenching and enhanced (T,)
formation are observed as the concentration of O, increases.
An energy gap lower than 0.976 eV in PDI-3 renders the (S;)
dynamics unaffected by O,. In short, the energy gap between
(S;) and (T,) is decisive in ensuring the thermodynamic
feasibility of the first step, that is, (S;) + 0, — (T,) + 'O,.
Moreover, (T,) energies higher than 0.976 eV in PDI-1 and
PDI-2 trigger an efficient quenching of (T,). Recently, Buckup
and co-workers demonstrated that O, catalyzes SF in
pentacenes.”” For TIPS-Pn, which fulfills E(S,) — E(T,) >
0.976 eV, (S,) of TIPS-pentacene (TIPS-Pn) sensitizes *O,. In
turn, 'O, and (T,) much like seen for PDI-1 and PDI-2 is
generated in the first step. In the second step, 'O, interacts,
however, with another TIPS-Pn in its (S;) and produces a
second (T;) to complete SF rather than generating a second
'0, via (T,) quenching. An E(T;) < 0.976 eV permits the
earlier pathway in the case of pentacene, but an E(T,) > 0.976
eV for PDI-1 and PDI-2 renders it possible. In the case of
pentacene, 'O, is consumed in the second step via (S;) + 'O,
— (T,) +30,. The effects of O, on the photophysics of TIPS-
tetracene (TIPS-Tn) and its photodegradation have been
described by Huang et al®® A (T)) energy level of TIPS-Tn of
>0.976 eV, which is similar to that of PDI-1 and PDI-2, should
prevent (T,) sensitization by 'O,. Instead, a second 'O, is
sensitized by (T,) of TIPS-Tn generated in the first step: (T;)
+30, = (Sy) + '0,. Consequently, 'O, formation in TIPS-Tn
proceeds via the same sequential down-conversion as we
observed for PDI-1 and PDI-2. A similar reactivity has been
reported for anthracene by fulfilling E(S;) — E(T;) > 0.976 eV
and E(T,) > 0.976 eV.”’ Importantly, 'O, decomposes acenes.
This susceptibility poses a significant challenge to the practical
applications and investigations of (poly)acenes in 'O,
photosensitization. In a nutshell, experiments, calculations, as
well as previous investigations, support the fact that O,
mediates the sequential down-conversion in PDI-1 and PDI-
2. As such, we formulate the requirements for the oxygen-
mediated sequential down-conversion as E(S;) — E(T;) >
0.976 eV and E(T,) > 0.976 eV. Notably, we report for the first
time on the O,-mediated sequential down-conversion of PDI
derivatives.

5. CONCLUSIONS

In this study, we investigated the oxygen effects on the
photophysics of PDI derivatives comprehensively. By compar-
ing different PDI derivatives, we have demonstrated oxygen-
mediated sequential down-conversion to produce 'O, in PDI-
1 and PDI-2. This process is based on a two-step mechanism:
(S) + %0, = (T)) + '0, and (T,) + °0, = (Sp) + 'O,
Overall, the energy requirements are confirmed to be a
singlet—triplet energy gap, on one hand, and triplet energy, on
the other hand, that both must exceed the relative energy of
'0,. Notably, singlet oxygen quantum yields of 37% were
observed for PDI-2 upon O,-saturation in toluene. The results
of our study are important for a deeper understanding of the
photophysics of PDIs and their derivatives and for a new
strategy to design singlet oxygen sensitizers.
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