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Heavy-Atom-Free Bay-Substituted Perylene Diimide Donor-

Acceptor Photosensitizers

Jasper Deckers*,”® Tom Cardeynaels*,™ "9 Laurence Lutsen,” Benoit Champagne,”” and

Wouter Maes*™ !

Perylene diimide (PDI) dyes are extensively investigated
because of their favorable photophysical characteristics for a
wide range of organic material applications. Fine-tuning of the
optoelectronic properties is readily achieved by functionaliza-
tion of the electron-deficient PDI scaffold. Here, we present four
new donor-acceptor type dyads, wherein the electron donor
units - benzo[1,2-b:4,5-b’ldithiophene, 9,9-dimethyl-9,10-dihy-
droacridine, dithieno[3,2-b:2’,3'-d]pyrrole, and triphenylamine-
are attached to the bay-positions of the PDI acceptor.
Intersystem crossing occurs for these systems upon photo-

1. Introduction

Perylene-3,4:9,10-bis(dicarboximide)s, shortly perylene diimides
(PDIs), are mostly known as vat dyes, but they are also
frequently encountered as (parts of) functional organic materi-
als for a wide range of optoelectronic applications such as (bio)
molecular imaging, supramolecular photosystems, photonics,
transistors, organic light-emitting diodes, and photovoltaics.
Due to their high molar extinction coefficients, fluorescence
quantum yields (@) approaching unity, high (photo)stability,
chemical robustness, and broad functionalization scope, PDls
are the most intensively studied members of the polycyclic
aromatic hydrocarbon family.” Even more, solubility properties
are easily tuned through variation of the imide substituents,
while the electron-deficient PDI core is particularly suitable to
alter the fluorescence and optoelectronic properties.”’

The high @, of PDI dyes results from their rigid and planar
structure in combination with a low-lying triplet energy level.
Furthermore, transfer of the excitons from a localized singlet
('LE) to a triplet (’LE) excited state, i.e. intersystem crossing
(ISQ), is unlikely (triplet quantum yields, @;<0.001).” To
enhance the ISC efficiency, bromine, iodine, or transition metal
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excitation, without the aid of heavy atoms, resulting in singlet
oxygen quantum yields up to 80% in toluene solution.
Furthermore, this feature is retained when the system is directly
irradiated with energy corresponding to the intramolecular
charge-transfer absorption band (at 639 nm). Geometrical
optimization and (time-dependent) density functional theory
calculations afford more insights into the requirements for
intersystem crossing such as spin-orbit coupling, dihedral
angles, the involvement of charge-transfer states, and energy
level alignment.

atoms have been readily employed to increase spin-orbit
coupling (SOC) through the heavy-atom effect.”’ The increased
ISC renders these compounds attractive as organic triplet
photosensitizers (PSs), with broad applicability in photocatalysis,
photovoltaics, triplet-triplet annihilation upconversion, and
photodynamic therapy (PDT).” However, correlated drawbacks
include shortened triplet state lifetimes, increased dark cytotox-
icity, and additional synthetic efforts (and related costs).”
Hence, heavy-atom-free ISC has gained increasing attention and
various ISC mechanisms have been unraveled, such as exciton
coupling, the use of spin converters, energy level matching, n-
m*—m-n* transitions, radical-enhanced ISC, and charge-recom-
bination (CR) induced ISC.*¥ In this regard, several heavy-atom-
free PDI systems with increased triplet populations have been
developed over the years.”

For the presented study, we have based our molecular
design on one specific form of CR-induced ISC, i.e. spin-orbit
charge-transfer ISC (SOCT-ISC). Herein, enhanced ISC is ob-
served for orthogonal dimers and dyads with a small separation
distance between the donor (electron-rich) and acceptor
(electron-poor) parts. The straightforward molecular design
renders such systems synthetically more appealing, and the
mechanism is already known in anthracene, acridinium, BODIPY,
and perylene systems®'” In these donor-acceptor dyads,
photoinduced electron transfer (PET) results in the occupation
of a charge-transfer (CT) state. If electronic coupling between
the donor and acceptor is strong, the energy difference
between this polar excited 'CT state and the 3LE state is small
and ‘back-electron’ transfer into the localized triplet state is
possible. Although CT state formation is widely observed for
bay-functionalized PDI materials through CT state absorbance
and/or fluorescence and accompanied fluorescence quenching,
ISC has barely been investigated in more detail for these
systems."” Only two examples of SOCT-ISC were recently
reported. Barbon and coworkers developed carbazole-PDI dyads

© 2021 Wiley-VCH GmbH
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with the carbazole donor attached to one of the two imide
positions,® while Fedin etal. chose to functionalize a bay-
position with a weakly donating anthracene moiety.™

To further explore this field, different bay-substituted
donor-PDI dyads were synthesized here and their possible use
as triplet PSs was evaluated by monitoring their singlet oxygen
('0,) generation abilities. We found moderate values for 9,9-
dimethyl-9,10-dihydroacridine and dithieno[3,2-b:2',3"-d]pyrrole
donors, whereas the combination with benzo[1,2-b:4,5-b"]
dithiophene resulted in high '0, quantum yields (®,=0.80 in
toluene). To broaden the possible application fields of these
PSs, ISC was also evaluated in the red wavelength region.
Toward application in PDT, this feature is essential as longer
wavelengths reduce light scattering, minimize background
signals from autofluorescence of biomolecules, and strongly
enhance the penetration depth of the incident light beam."?
Upon direct excitation into the dyads’ CT states, the donor-PDI
molecules retained their capability for 'O, generation. Although
no perfect orthogonality was observed between the donor and
acceptor parts of the dyes through quantum-chemical analysis,
we found that a proper energy level alignment of the CT state
with a higher triplet excited state of different nature facilitates
the ISC process.

2. Results and Discussion
2.1. Structural Design and Synthesis

Synthesis of the PDI dyads started from commercially available
perylene-3,4,9,10-tetracarboxylic  dianhydride, which  was
treated with undecane-6-amine at elevated temperature to
yield a symmetrically N,N’-substituted PDI (as described in
literature)."’ Long alkyl chains were chosen as imide substitu-
ents to limit ;-7 stacking and to improve solubility without
affecting the optoelectronic properties too much. To tailor the
photophysical properties of the PDI core, substitution of the
bay-positions was performed with four different electron donor
moieties of varying donor strength (Scheme 1), i.e. triisopropyl-
silyl (TIPS) substituted benzo[1,2-b:4,5-bldithiophene (BDT),
9,9-dimethyl-9,10-dihydroacridine (DMAC), dithieno[3,2-b:2",3'-
dlpyrrole (DTP), and triphenylamine (TPA). The DMAC and TPA
donor units were chosen based on their ability to strengthen
the vibronic coupling between excited triplet states via donor-
acceptor vibrations over the C—N bond, thereby improving the
(reversed) ISC abilities of fluorophores, as demonstrated in
recent literature on organic emitters showing thermally acti-
vated delayed fluorescence (TADF)."¥ The BDT donor unit was
recently introduced by our group and was found to improve
ISC from the singlet to the triplet excited state, likely due to the
presence of the slightly heavier sulfur atoms.™ DTP was
introduced here as a novel electron-rich building block (taken
from the field of organic photovoltaics”) that combines the
features of the above two types of donor units as it comprises
the possibility for C—N donor-acceptor bond formation and
contains the heavier sulfur atoms. Because of the PDI's strong
electron-accepting properties, the combination with a donor
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Scheme 1. Synthesis of PDI-BDT, PDI-DMAC, PDI-DTP, and PDI-TPA (show-
ing only the most abundant 1,7-disubstituted regioisomers): i) Suzuki cross-
coupling (D-pinacol, Pd(PPh,),, K,CO;, N,N-dimethylformamide, inert atm,
24 h at 130°C) or Buchwald-Hartwig amination (D, Pd(OAc),, [(t-Bu);PHIBF,
(DMAC) or BINAP (DTP), NaOtBu, dry toluene, inert atm, 24 h at 120°C).

introduces CT character in the resulting donor-acceptor-donor
molecules. This approach not only leads to long-wavelength CT
emission, thereby pushing the emission into the near-infrared
(NIR), but these CT states can also play an essential role in ISC
via the SOCT-ISC mechanism. "’

To introduce the donor units, bromination was first
performed at the bay-positions."® According to 'H NMR
analysis, two regioisomers were formed, a 1,7- and 1,6-
dibrominated variant, in a 3:1 ratio (Figure S10)."”7 We were
unable to separate these isomers via column chromatography
and the mixture was hence used further as such. The
introduction of the donor moieties proceeded via Buchwald-
Hartwig amination (DMAC, DTP) or Suzuki cross-coupling
reactions (BDT, TPA). Details on the synthetic procedures and
all characterization data are provided in the supporting
information (Sl). Purification via column chromatography and
subsequently by size exclusion chromatography did not allow
to separate the formed regioisomers and a similar 3:1 ratio of
the 1,7- and 1,6-substituted isomers was obtained for all donor-
PDI dyads (again based on 'H NMR analysis; see SI). A twisted
relation between the donor and acceptor subunits was
envisioned due to the sterically hindered bay-positions.
Although the exact structural requirements for SOCT-ISC are still
under debate, orthogonality between the donor and acceptor
moieties is important as the change in molecular orbital angular
momentum will compensate for the change in electron spin
angular momentum during triplet formation."®

© 2021 Wiley-VCH GmbH
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2.2. Quantum Chemical Analysis

To analyze the structural parameters of the donor-PDI series,
density functional theory (DFT) geometry optimizations were
performed using the M06 exchange-correlation functional and
the 6-311G(d) basis set. Vibrational analysis confirmed that all
geometries correspond to minima on the potential energy
surfaces. For PDI-BDT, the TIPS groups were omitted from the
calculations to reduce the computational cost. This is accept-
able because the TIPS groups pose little steric hindrance to the
PDI core since they are positioned on the BDT a-positions and
are facing away from the core. Furthermore, the electronic
influence of the TIPS groups is deemed negligible due to the
similar electronegativities for silicon and carbon and the fact
that in prior work it was shown that delocalization of the
highest occupied molecular orbital (HOMO) on the BDT unit did
not extend onto the TIPS groups.™ The quantum-chemical

PDI-BDT PDI-DMAC

LUMO

HOMO

analysis was performed for both the 1,7- and 1,6-disubstituted
PDI dyads. Both regioisomers showed similar properties, as was
previously reported for disubstituted PDIs."” Since the 1,7-
disubstituted PDIs are the most abundant species here, only
their properties are discussed below. The results for the 1,6-
disubstituted isomers are provided in the Sl for completeness.
From the optimized geometries (Figure 1), it is apparent that
the donor and acceptor units have a considerable mutual steric
hindrance, leading to large dihedral angles between the push
and pull subunits (Table 1; 53-76°). The lowest unoccupied
molecular orbital (LUMO) is localized on the PDI core for all
compounds, whereas the HOMO is predominantly localized on
the donor units (Figure 1). For PDI-BDT and PDI-TPA, there is
also some delocalization of the HOMO onto the PDI core.
Despite having a smaller donor-acceptor dihedral angle, the
HOMO orbital for PDI-DTP does not delocalize onto the PDI
core, likely because of poor overlap between the molecular

PDI-TPA

PDI-DTP

Figure 1. Optimized geometries and frontier molecular orbitals for all donor-PDI compounds in toluene solution as obtained using DFT calculations with LC-
BLYP (w=0.17 bohr")/6-311G(d) and the polarizable continuum solvation model. Isosurface values of 0.02 a.u. were used for all orbitals.

Table 1. Calculated vertical singlet (S, and S,) and triplet (T, and T,) excitation energies and their corresponding oscillator strengths for all donor-acceptor
compounds using toluene as the solvent. The dihedral angles between the donor units and the PDI core are also given.

European Chemical
Societies Publishing

PDI So—S: So—S; So—Ts So—T, T,—5, 0 [
AE A Osc. AE Osc. AE AE AE
[eV] [a] [nm] [a] Str.“’] [eV] [a] Str."’] [eV] [a] (ev)[a] (eV) [c]
BDT 220 562 0.258 235 0.005 1.56 2.25 0.05 62
DMAC 1.76 706 0.050 1.80 0.001 1.52 1.76 <0.01 76
DTP 220 565 0.092 222 0.000 1.54 218 —0.02 60
TPA 2.14 580 0.461 242 0.030 1.47 2.25 0.11 53

[a] Vertical excitation energy/wavelength. [b] Oscillator strength. [c] Taken as the difference between the vertical excitation energy for the S,—T, and the
So—$S, transition. [d] Averaged dihedral angle between the donor and acceptor units.
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orbitals of the PDI and DTP units. Clear separation of the HOMO
and LUMO in all cases points toward CT type HOMO-LUMO
transitions for these compounds. Furthermore, the PDI cores are
slightly deviated from planarity by incorporating the bay
substituents, as observed by others previously (Figure 51).1

To probe the excited state properties of the novel series of
donor-PDI compounds, time-dependent DFT (TDDFT) calcula-
tions were performed using a modified LC-BLYP exchange-
correlation functional in which the range-separating parameter
o has been changed to 0.17 bohr™'. This was used in
conjunction with the 6-311G(d) basis set and the polarizable
continuum model (PCM) in toluene and chloroform to simulate
apolar and more polar surroundings (Table 1, S7). The modified
LC-BLYP (w=0.17 bohr™") functional has been shown to
perform well for donor-acceptor type molecules exhibiting
strong CT character and is therefore believed to give a good
representation of the excited state properties for these
materials as well.””

The vertical excitation energies in toluene vary from 1.76 eV
(706 nm) to 2.20 eV (562 nm) (Table 1). These data indicate that
DMAC is the strongest donor unit, followed by TPA, DTP, and
BDT. The oscillator strengths follow the trends observed for the
HOMO and LUMO topologies, i.e. the compounds with a higher
degree of HOMO-LUMO overlap give the largest oscillator
strengths for the first singlet excited state (S;) (Table 1). This is a
direct consequence of the HOMO—LUMO character for the S,
of all compounds (Table 2). The second singlet (S,) excitation,
which has HOMO-1—LUMO character, has an energy that is
only slightly higher than the first vertical excitation energy.
Notably, in the cases of PDI-DMAC and PDI-DTP, the difference
is only 0.04 and 0.02 eV, respectively. The first triplet (T,)
excitation energy is significantly below that of S;, at around
1.5eV for all compounds. The second triplet (T,) excitation
energy is approximately similar to the S, excitation energy for
all compounds. The energy difference is very small or even
negligible for PDI-BDT, PDI-DMAC, and PDI-DTP. PDI-TPA
shows a slightly larger difference between the T, and S,
energies (0.11 eV).

The CT character of the various transitions was probed by
looking at the differences between the excited and ground
state electron densities according to the work of Le Bahers
et al.?" Here, the amount of charge transferred (q¢) is used to
characterize the degree of CT (Table 2). The g values range

from 0 to 1, with 1 being a full electron transferred from the
donor to the acceptor. In some cases, the value is larger than 1,
which is attributed by Le Bahers etal. to the size of the
integration volume over which the density is integrated and is
defined by the script rather than through manual input.?” As
can be seen from Table 2, the transitions from the ground state
to S;, S, and T, are of CT character, as indicated by the g
values close to 1. The g, values for S,—S, of PDI-BDT and PDI-
TPA are somewhat lower because of the increased overlap
between the HOMO and LUMO, as pointed out earlier. The first
triplet excited state of all donor-PDI compounds is of localized
excited (LE) state character as it shows relatively small values
for g in comparison to the other excited states. These
assignments can be visualized by taking the difference between
the excited state and ground state electron densities and
plotting these as areas of decreased (cyan) and increased
(purple) electron density (Figure S5). The figure shows that
density is transferred from the donor units to the PDI acceptor
in the S, S,, and T, states, whereas the excited state is mainly
localized on the PDI unit for T,. Furthermore, looking at the
natures of the various transitions (Table 2) and the frontier
orbital topologies in Figure S3, which include the HOMO-1 and
HOMO-2, it is apparent that the HOMO—LUMO and the HOMO-
1—LUMO transitions correspond with a charge transfer from
the donor to the acceptor, whereas the HOMO-2—LUMO
transitions correspond with a more or less localized excited
state. The TDDFT calculations using chloroform instead of
toluene in the PCM showed only marginal differences (Table S7,
S8).

To simulate the UV-Vis absorption spectra and to estimate
the energies of the (predominantly) LE states, the calculations
were expanded to the third singlet excited state (S;) for the
BDT, DMAC, and TPA containing PDIs and to the fifth singlet
excited state (S;) for PDI-DTP (Table S3, S4, S7, S8, Figure S5).
The S; state shows mixed CT/LE character for PDI-BDT and PDI-
TPA, whereas PDI-DMAC shows almost exclusive LE character,
presumably due to the higher dihedral angle between the
DMAC and PDI units. The S; and S, states of PDI-DTP are
predominantly of CT character, while the S; state is showing a
large amount of LE character. The UV-Vis absorption spectra
were simulated in toluene (Figure S7) and chloroform (Fig-
ure S8) from the results of the TDDFT calculations and show the
presence of two distinct absorption peaks corresponding to the

Table 2. Amount of charge-transfer character (g.) accompanying the S,—S, and S,—T, transitions in toluene.

PDI So—5S: So—S; So—T4 So—T,
Nature® g™ Nature® gq® Nature®d g Nature® g™

BDT H—L 0.80 H-1—L 1.06 H—L H-2—L 0.36 H-1—L 0.95
(95 %) (94 %) (51%) (43 %) (83 %)

DMAC H—L 1.10 H-1—L 1.13 H—L H-2—L 0.56 H-1—L 1.13
(94 %) (94 %) (55%) (40 %) (93 %)

DTP H—L 1.01 H-1—L 1.15 H—L H-2—L 0.36 H—L 1.12
(90 %) (94 %) (12%) (59%) (74 %)

TPA H—L 0.72 H-1—L 1.08 H—L H-2—L 0.39 H-1—L 0.96
(82%) (90%) (41 %) (54 %) (76 %)

[a] H=HOMO, L=LUMO. [b] Amount of charge transferred between the indicated states upon excitation. [c] These transitions have both significant H—L

and H-2—L character. For PDI-DTP, the H-4—L transition also has a significant contribution (24 %).
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CT (S,, at longer wavelengths) and LE (S; or Ss;, at shorter
wavelengths) transitions, respectively. The simulated absorption
spectra in chloroform (Figure S8) are slightly red-shifted with
respect to those in toluene (Figure S7), which is in line with the
slightly lower vertical excitation energies obtained in chloro-
form (Table S7). The transition to the second excited singlet
state is not observed because of its negligible oscillator
strength (Table 1). Furthermore, the vibronic fine structure
observed in the experimental absorption spectra (vide infra) is
not simulated and hence not visible in Figures S7 and S8.

2.3. Photophysical Characterization

The four new PDI dyads were then subjected to a photophysical
investigation to analyze their absorption and emission behavior
and to explore their ISC properties by monitoring the gen-
eration of 'O, under illumination at different wavelengths.
Chloroform and toluene were selected to screen these proper-
ties in a relatively polar and apolar medium, respectively.
Absorption and emission spectra afforded the spectral maxima
(Agps(max), A,(max)) of the absorption and emission bands and
the Stokes shifts (Av). Fluorescence quantum vyields were
obtained at an excitation wavelength of 488 nm, relative to
rhodamine 6G, while 'O, quantum yields were collected by
monitoring the absorbance of 1,3-diphenylisobenzofuran (1,3-
DPBF) as a 'O, scavenger during excitation at 525 and 639 nm.
All data represented in Table 3 and Figure 2 are mean values
from three independent measurements for each compound in
the indicated solvent. Only data from the wavelength region of
interest are displayed here. For the full absorption spectra, we
refer to Figure S9.

As mentioned above, the reported PDI dyes are actually 3:1
mixture of the 1,7- and 1,6-disubstituted regioisomers. The
influence of this difference in substitution pattern on the optical
properties is described in literature. Somewhat contradictory
findings were reported on the possible (non)influence of these
isomers.'”?? However, quantum-chemical calculations indicated
the minor influence of the substitution pattern on the energy
level distribution of the materials under investigation here
(Tables 1, 2, S3-S10). Hence, the resulting photophysical
behavior was assumed to be unaffected by the altered bay-
substitution pattern.

The absorption profiles exhibit a prominent PDI absorption
peak for all dyads in chloroform and toluene solution,
accompanied by a higher-wavelength CT absorption band
(Figure 2). The localized absorption bands have maxima around
502-510 nm for PDI-BDT, -DMAC, and -TPA, and 460 nm for
PDI-DTP, which are all hypsochromically shifted with respect to
the maximum at 525 nm observed for the pristine N,N"-dialkyl-
PDI (Table 3).”¥ This blue-shift results from the twisted PDI core
due to bay-substitution (FigureS1), a feature frequently
encountered in s-system distorted PDI dyes.™ The intra-
molecular CT character is apparent for all PDI compounds,
showing relatively intense CT absorption bands, especially for
the BDT, DTP, and TPA containing PDIs. Furthermore, a
broadening of the localized absorption band is observed for
PDI-BDT, PDI-TPA, and PDI-DTP due to the increased electronic
coupling between the donor and acceptor as the dihedral angle
is relatively smaller (Table 1).""™ This observation is consistent
with the mixed CT/LE character of the S; state for PDI-BDT and
PDI-TPA, and the S; state for PDI-DTP. In PDI-DMAC, the donor
and acceptor are more orthogonal, which is reflected in a less
intense CT band and was also predicted by the low oscillator
strength (Table 1). The sharper localized absorption consisting

European Chemical
Societies Publishing

Table 3. Spectroscopic data for PDI-BDT, PDI-DMAC, PDI-DTP, and PDI-TPA as obtained in chloroform and toluene solution.?!
PDI Solvent Aabs 1 Aeme Ave P q)A,szsm ¢A,639[g]
/labs,CT A‘Em,CT AADCT
[nm][b] [nm][c] [Cm%][d]
BDT chloroform 509 529 743 0.01+0.00 0.73+0.04 0.76 £0.12
587 702 2801
Toluene 502 531 1070 0.11+0.00 0.80+0.07 0.86 £0.04
577 668 2376
DMAC chloroform 510 521 426 0.01+0.01 0.16+0.02 0.07 £0.03
648 _h _h
Toluene 507 518 400 <0.01 0.26 +0.05 0.18£0.04
649 796 2858
DTP chloroform 461 544 3310 0.01+0.00 0.35+0.09 0.13+£0.02
576 _h _h
Toluene 460 545 3397 0.01+0.00 0.38+0.04 0.26 £0.02
570 _h _h
TPA chloroform 507 544 1329 <0.01 0.03+0.01 0.03+£0.01
626 806 3571
Toluene 503 546 1549 0.06 +0.00 0.06 +0.00 0.04£0.01
626 739 2434
[a] Spectrograde chloroform and toluene were used for all measurements. [b] Absorption maxima for the localized and charge-transfer band. [c] Emission
maxima for the localized and charge-transfer band. [d] Shifts between the localized and charge-transfer absorption and emission maxima, respectively. [e]
Fluorescence quantum yield determined vs rhodamine 6G (®;=0.94, 1., =488 nm) in spectrograde ethanol. [f] Singlet oxygen quantum yield determined
vs rose bengal (®,=0.86, 4.,=525nm) in spectrograde ethanol by monitoring the absorbance of 1,3-DPBF at 414 nm. [g] Singlet oxygen quantum vyield
determined vs methylene blue (®,=0.52, 1.,=639 nm) in spectrograde ethanol by monitoring the absorbance of 1,3-DPBF at 414 nm. [h] No charge-
transfer emission observed.
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Figure 2. Normalized absorption spectra (solid lines) for PDI-BDT, PDI-DMAC, PDI-DTP, and PDI-TPA and their corresponding normalized fluorescence spectra

(dashed lines) in chloroform and toluene solution.

of three distinguishable peaks is characteristic to the vibronic
fine structure in the S,—S; transitions in pure perylene and
corresponds to the almost exclusive LE character of the S,
state.’” Overall, the experimental (Figure 2) and simulated UV-
Vis spectra (Figure S7, S8) are in excellent agreement, in
particular with respect to the relative intensity of the (predom-
inantly) LE and CT bands.

The emission behavior depends strongly on the selected
donor and the polarity of the surrounding solvent medium
(Figure 2, Table 3). The fluorescence profile of PDI-DMAC is the
mirror image of its absorption, with a small Stokes shift. CT
emission is barely visible around 800 nm in toluene and even
absent in chloroform. The weak donor-acceptor electronic
coupling results in a pronounced vibronic fine-structure of the
LE band typical to the PDI core.*” CT emission is also lacking for
PDI-DTP, despite the strong CT absorption. Here, only a
broadened localized emission band is observed in chloroform
and toluene, with a large Stokes shift. The opposite is true for
PDI-BDT, where CT emission is far more intense than localized
emission. Here, solvent polarity is also reflected in the position
of the CT emission band. When increasing solvent polarity, the
highly polar CT state is stabilized, resulting in a bathochromic
shift (34 nm) and broadening of the CT band, accompanied by
a decrease in @' The same trend is seen for PDI-TPA. The CT
emission band is located at longer wavelengths, as expected
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from the more red-shifted CT absorption. Notable is the
difference in relative intensity of the localized and CT emission
bands. Whereas in chloroform the localized perylene emission
peak is most intense, the CT band is far more distinct in toluene
solution. As the parent PDI is characterized by a near-unity @,
the fluorescence quenching is striking in our donor-acceptor
dyads. This is indeed true for all donors, resulting in meager @,
values in chloroform. For PDI-BDT and PDI-TPA, these values
are somewhat higher in toluene (0.11 and 0.06, respectively).
Singlet oxygen formation was then evaluated under illumi-
nation at 525 nm, revealing very different values depending on
the donor moiety (Table 3, Figure 3). In toluene, a high @, of
0.80 was obtained for PDI-BDT, whereas it was moderate for
PDI-DTP and even lower for PDI-DMAC (0.38 and 0.26,
respectively). PDI-TPA displayed almost no 'O, generation
(®,=0.06). In chloroform solution, all values decreased to a
slight extent, but similar trends were observed between the
different donors. This solvent polarity dependence of @,
suggests the involvement of CT states in the ISC mechanism.
Here, solvent changes will alter the CT state energy, which
influences the CT-triplet state energy difference. A better
energy alignment could explain the higher '0, production in
toluene. However, one should consider the increased possibility
for CR to the ground state (S,) as the 'CT energy is decreased in
the more polar solvent chloroform. As photoactivity at longer
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Figure 3. Relative decrease in absorbance of 1,3-diphenylisobenzofuran (1,3-DPBF) at 414 nm under continuous irradiation using a single 525 nm LED (left) or
a 639 nm LED (right) in the presence of a PDI dyad in chloroform (top) or toluene (bottom). Rose bengal (@, =0.86, 4., =525 nm) or methylene blue

(®@,=0.52, A.,,=639 nm) was used as a standard.

wavelengths is recommended for therapeutic applications, 'O,
production was also investigated at 639 nm (Table 3, Figure 3).
Although @, values decreased somewhat, they were still
significant under this low energy activation. PDI-BDT gave even
better results, with @, =86% in toluene. Moderate to low @,
values were obtained for PDI-DMAC and -DTP, whereas for PDI-
TPA singlet oxygen production remained very low.

Although ISC was observed indirectly for the donor-PDI
dyads through 'O, generation (Table 3), DFT optimized geo-
metries indicated the absence of a perfect donor-acceptor
orthogonality (Table 1), often described as an essential feature
in the SOCT-ISC process."® However, recently reported PDI
dyads showed the same deviation of the perpendicular donor-
acceptor orientation, while maintaining efficient SOCT-ISC.**!
To look deeper into the possible pathways for ISC, the
quantum-chemical and photophysical analyses were combined.
From the quantum-chemical calculations, it can be concluded
that the T, state is likely too low in energy with respect to S, for
efficient ISC to occur. Hence, the traditional SOCT-ISC from a CT
state to a localized triplet state seems unlikely. T,, however, is
very close in energy to S, (Table 1). Both transitions are of CT
character and of different nature (HOMO—LUMO for S;, HOMO-
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1—LUMO for T,), making ISC viable according to the El-Sayed
rules.” The different behavior of the dyads can be explained
by looking at the T,-S, energy gaps and the chemical structures
of the donor units. The BDT, DMAC, and DTP units are expected
to afford a more considerable extent of ISC than the TPA
moiety because of the smaller T,-S, energy gap, which is
apparent from Table 1. As mentioned before, the BDT donor is
expected to give increased ISC due to the higher SOC
associated with the sulfur atoms, which is likely part of the
explanation for the high @, of 80% in PDI-BDT at 525 nm
excitation in toluene. Using the same reasoning, DTP, which
also contains multiple sulfur atoms, should be able to afford
significant ISC as well (Table 3). Reduced efficiency for the
vibronic coupling between the donor and the acceptor could
then possibly explain why it does not reach a high @,. DMAC
gives a negligible energy gap between the T, and S, states in
combination with a larger dihedral angle and is known within
the field of TADF to provide good vibronic coupling between
the donor and acceptor units in TADF type emitters, explaining
why it gives reasonable @, values in this work.*®** Finally,
almost no ISC was observed for PDI-TPA, which can be related
to the larger T,-S; energy gap in combination with the
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rotational freedom of the phenyl rings, resulting in more
radiationless energy dissipation.

3. Conclusions

A symmetrical N,N’-substituted perylene diimide (PDI) chromo-
phore was functionalized at its bay-positions with four different
donor moieties (benzo[1,2-b:4,5-bldithiophene (BDT), 9,9-
dimethyl-9,10-dihydroacridine (DMAC), dithieno(3,2-b:2',3'-d]
pyrrole (DTP), and triphenylamine (TPA)) and the photophysical
characteristics of the resulting push-pull dyads were evaluated
in solution. Density functional theory optimized geometries
revealed the non-orthogonal orientation of the donor units
with respect to the PDI acceptor and the deviation from
planarity of the PDI core, which explains the hypsochromically-
shifted localized absorption and emission. Simulated UV-Vis
absorption spectra nicely match the experimental observations.
Despite the relatively small dihedral angles (6<76°), singlet
oxygen production was demonstrated, revealing intersystem
crossing to occur in these heavy-atom-free photosensitizers.
Furthermore, direct excitation in the charge-transfer absorption
band (at 639 nm) also leads to singlet oxygen generation,
thereby opening up possibilities for application in (image-
guided) photodynamic therapy. Further time-dependent den-
sity functional theory analysis gave more insights into the
involved intersystem crossing features. A transition of the first
singlet to the second triplet excited state is most likely as both
states are of charge-transfer character, of a different nature, and
have matching energies. In two cases (PDI-BDT and -DTP),
increased spin-orbit coupling due to the thiophene subunits
might assist intersystem crossing, resulting in the highest @,
values (0.80 and 0.38 in toluene at 525 nm, respectively). For
the DMAC donor, intersystem crossing still occurs (@, =0.26)
due to the minimal T,-S; energy difference (~0.00eV) and
increased dihedral angle.

4. Supporting information

Materials and methods, detailed donor-PDI synthesis proce-
dures, additional (TD)DFT data and figures, simulated UV-Vis
spectra, full absorption spectra, 'H/*C NMR spectra, and
coordinates of the optimized geometries can be found in the
supporting information.
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