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Boron dipyrromethene dyes are highly attractive for image-guided photodynamic therapy. Nevertheless,
their clinical breakthrough as theranostic agents is still obstructed by several limitations. Here, we report
a series of strongly absorbing, heavy-atom-free, distyryl-BODIPY donor—acceptor dyads operating within
the phototherapeutic window. Whereas diphenylamine and carbazole donors lead to strong fluores-
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excited state processes and the involvement of charge-transfer states in triplet formation.

Introduction

Singlet oxygen (denoted as O,('Ay), shortened as '0,) is a
powerful reagent that is employed in the manufacture of fine
chemicals, wastewater treatment, blood sterilization, and the
production of specific insecticides and herbicides, among
others.! Furthermore, the combination of its high reactivity,
related short lifetime, and slow diffusion rate in biological
media, renders 'O, the protagonist in photodynamic therapy
(PDT).>* In PDT, light is used to activate a photosensitizer (PS),
which then produces reactive oxygen species (ROS) through
different mechanisms.” These ROS result in the selective destruc-
tion of tumor cells at the irradiation site, allowing PDT to be used
for cancer therapy. Furthermore, PDT can also be employed in a
broader sense for treating ophthalmic and dermatologic diseases,
bacterial and fungal infections, and the inactivation of viruses.” >
Whereas type I PDT investigates ROS formation upon direct
interaction of the activated PS with a substrate, most studies
focus on the type II PDT process since 'O, is considered the
leading cytotoxic agent.® In more detail, the PS is excited with
photons of a suitable wavelength, thereby achieving an electro-
nically excited singlet state (S,). For 'O, formation, intersystem
crossing (ISC) is required to obtain a triplet state (T,,) from which,
after fast internal conversion to the first triplet state (T,), energy
transfer to molecular oxygen (0,(°Z, ) or *0,) can occur.'* As ISC
is a spin-forbidden transition, the quest for compounds with
efficient triplet formation remains a crucial research topic.

This journal is © The Royal Society of Chemistry 2022
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Throughout the years, a vast amount of organic photosensi-
tizers have been reported.’>>* Among these promising mole-
cules, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacenes (commonly
indicated as boron dipyrromethenes or BODIPYs) are one of
the most prominent examples.>*3® Their high molar extinction
coefficients, (photo)chemical stability, and easily tunable photo-
physical properties make them attractive PSs.>’*° However,
typically high fluorescence quantum yields (®¢) of BODIPY dyes
imply ISC restrictions as these are competing decay processes for
the first singlet excited state. The most encountered solution is
the introduction of bromine, iodine, or transition metal com-
plexes on the BODIPY structure, thereby increasing spin-orbit
coupling (SOC) through the so-called heavy-atom effect."**
Nevertheless, related additional synthetic efforts and costs,
shortened triplet state lifetimes, low photostability, and
increased dark cytotoxicity provided an impetus to search for
alternative ISC mechanisms.***° In this way, novel BODIPY PSs
were developed, based on reduced singlet-triplet energy gaps
(AEsy), spin converters, radical-enhanced ISC, radical pair ISC,
twisted m-conjugation-induced ISC, and spin-orbit charge-
transfer ISC (SOCT-ISC).*****7*® These alternative approaches
open the possibility for theranostic applications as subtle engi-
neering of the energy levels can allow triplet population and
singlet emission to coexist. In PDT, these self-reporting PSs
present an appealing step toward personalized cancer treatment,
enabling the combination of diagnosis and therapy to localize
the target, monitor the therapeutic progression, and improve
drug dosimetry.**™"

Another essential feature for PDT PSs is their activity in the
near-infrared (NIR) spectral region. Shorter wavelengths are
more prone to scattering and several tissue chromophores will
filter the UV-VIS part of the incoming light.'**** Wavelengths
between 600 and 800 nm are desired to limit light scattering,
reduce background signals, and enhance tissue penetration
depths.>® Although strategies to bathochromically shift the
absorption and emission properties are well-known for BODIPY
dyes, it is not straightforward to combine strong 'O, production
with a decent brightness in the phototherapeutic region.>>™®
Hence, only a handful of NIR-photoactive heavy-atom-free dual-
functioning BODIPY PSs have been developed so far.>*™

Recently, we reported a series of distyryl-BODIPY-acridine
dyads, active in the phototherapeutic window, showing balanced
brightness and phototoxic power.®® Concentration-dependent
fluorescence experiments suggested the involvement of
‘exciplex’®” energy states in the decay mechanism. Relatively
long exciplex state lifetimes, combined with their polar nature,
would render them a suitable intermediate in the ISC process,
as previously reported for other donor-acceptor BODIPY
systems.®®””® To gain more insights into the relationship
between the molecular structure and the photophysical proper-
ties of distyryl-BODIPY dyads, we report here on the develop-
ment of a new series of donor-acceptor type BODIPY dyads
wherein the electron donor moieties are varied. Diphenylamine
and carbazole donors were found to afford high fluorescence
quantum yields (¥ ~ 45-75%) in polar and apolar solutions.
However, negligible '0, formation was observed for these

This journal is © The Royal Society of Chemistry 2022
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systems. In line with our previous results for dimethylacridine,
incorporation of phenoxazine and phenothiazine donors
resulted in efficient PSs, with 'O, quantum yields (&,) ranging
from 33 to 47% in both chloroform and toluene solution.
Fluorescence emission was quenched in chloroform for these
dyads, but this feature was retained in toluene, resulting in &
values around 50%. Hence, these distyryl-BODIPY dyads are
interesting self-reporting PDT PSs. Femtosecond transient
absorption spectroscopy (fs-TAS) was used to gain detailed
insights in the excited state processes, suggesting the involvement
of charge-transfer (CT) states in the ultrafast dynamics.

Results and discussion
Photosensitizer design and synthesis

The molecular design of the newly developed systems was
inspired on the recently reported distyryl-BODIPY-acridine
donor-acceptor (D-A) dyad 5a, possessing both an attractive
brightness and phototoxicity within the phototherapeutic
window.®® The donor end group (dimethylacridine 3a) was
deemed essential to realize exciplex formation and to allow
for efficient ISC to occur. To further elucidate the origin of the
ISC and the influence of the molecular design on this process, a
variety of alternative donor units were now screened, going
from phenoxazine (3b) to phenothiazine (3c), diphenylamine (3d),
carbazole (3e), and 3,6-di-tert-butylcarbazole (3f) (Scheme 1).

For the material synthesis, donor moieties 3a—f were first
combined with 4-bromobenzaldehyde in a Buchwald-Hartwig
amination reaction using tris(dibenzylideneacetone)dipalladium(0)
(Pd,(dba);) and 1,1’-bis(diphenylphosphino)ferrocene (dppf) as
the catalytic system to yield aldehydes 4a—f in moderate to high
yields (59-92%). The highly fluorescent 1,3,5,7-tetramethyl-
BODIPY core 2 was obtained from 2,4-dimethylpyrrole (1) accor-
ding to a literature procedure.”! This meso-mesityl-BODIPY
structure was chosen for its facile synthesis and good solubility
of the resulting BODIPY dyads. The relatively acidic protons of
the a-methyl groups enable a Knoevenagel-type condensation to
afford the desired distyryl-BODIPY dyads 5a-f. A short and easy
synthetic procedure, comprising five-minute microwave irradia-
tion in the presence of glacial acetic acid and piperidine,
resulted in good to high yields (54-91%). The reaction condi-
tions were optimized previously for dimethylacridine 3a.°® For a
detailed description of the synthesis protocols and material
characterization data, we refer to the ESL.{

Structural analysis

Density functional theory (DFT) calculations were performed to
analyze the molecular structures of the BODIPY dyads with
varying donor units. All geometries were optimized using the
MO06-2X exchange-correlation functional with the 6-311G(d)
basis set and the polarizable continuum model (PCM) to
simulate the moderately polar environment of a chloroform
solution. Vibrational analysis was performed to confirm that all
geometries correspond to minima on the potential energy
surfaces. By varying the attached donor end groups in the

J. Mater. Chem. C, 2022, 10, 9344-9355 | 9345
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Scheme 1 Synthesis of BODIPY dyads 5a—f and their respective building blocks: (i) 2,4,6-trimethylbenzaldehyde, trifluoroacetic acid, dry CH,Cl,, inert
atm, 3 h at 0 °C; 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), 20 min at 0 °C, 1 h at room temperature (RT); EtsN, BFs-OEt,, 12 h at RT (72%);
(i) 4-bromobenzaldehyde, Pd,(dba);, Cs,COs, dppf, dry toluene, inert atm, 16 h at 100 °C (59-92%); (iii) glacial acetic acid, piperidine, dry
N,N-dimethylformamide (DMF), inert atm, 5 min at 150 °C (microwave irradiation) (54-91%).

distyryl-BODIPY dyads, large differences in the dihedral angles
between the donor and acceptor moieties were observed,
ranging from 34° for the diphenylamine unit (5d) to 90° for
dimethylacridine, phenoxazine, and phenothiazine (5a-c)
(Fig. 1). This torsion angle is the same for both arms. All donor
units are planar, with the exception of phenothiazine (5c),
which is bent with an angle of 33°, and diphenylamine (5d),
which has an angle of 70° between the two phenyl rings. The
frontier molecular orbitals (Fig. S1 and S2, ESIT) show that the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) are located on the
distyryl-BODIPY unit for 5a-f, except for the HOMO orbital of
5b, which is located on one of the phenoxazine units. The
HOMO—1 and HOMO-2 orbitals are mainly localized on the
respective donor units, again except for BODIPY 5b, for which
the HOMO-2 orbitals are located on the distyryl-BODIPY core.
This discrepancy for 5b can be explained by considering the
energy levels of the various orbitals (Table S1, ESIt). The quasi-
degenerate HOMO—-2, HOMO—-1, and HOMO energies are
within 0.05 eV from each other, allowing an inversion between
the character of HOMO/HOMO-1 (both localized on the donor
unit) and HOMO—2 (localized on the styryl-BODIPY moiety).”>
The smaller dihedral angles in BODIPYs 5d-f lead to increased
HOMO delocalization toward the donor unit (Fig. S2, ESIT). In
all compounds, the mesityl meso-group is nearly perpendicular
to the rest of the BODIPY core, electronically decoupled from it.

Single crystals were obtained for BODIPYs 5a, 5¢, and 5e
(Fig. S3-S5 and Table S2, ESIT). The single-crystal X-ray struc-
tures confirm the molecular structures of the designed BODIPY
units and also indicate that the correct geometrical conforma-
tions are probed for the time-dependent DFT (TDDFT) calcula-
tions (vide infra). In addition, the dihedral angles between the
donor and acceptor groups were found to be 89° for 5a, 80° for

9346 | J Mater. Chem. C, 2022, 10, 9344-9355

Fig.1 Optimized ground-state geometries for BODIPYs 5a—f with the
dihedral angles between the donor units and the distyryl-BODIPY core
indicated by red arrows.

This journal is © The Royal Society of Chemistry 2022
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5¢, and 70° for 5e, which is in good agreement with the DFT
calculations (Fig. 1). In contrast to the findings of the DFT
geometry optimization, the dimethylacridine unit is slightly
bent (14°) in the single crystal structure. The bending of
phenothiazine is 21° in the crystal structure, which is slightly
less than observed in the geometry optimization.

TDDFT calculations

To assess the optical properties of BODIPY dyads 5a-f, TDDFT
calculations were performed using M06-2X as the exchange-
correlation functional and 6-311G(d) as the basis set. The PCM
was applied to simulate the solution measurement conditions
in chloroform. The lowest singlet vertical excitation energies for
5a-f are all in the region of 2.01-2.16 eV (617-573 nm) (Table 1).
The second singlet vertical excitation energies are considerably
larger (AEs;-s, = 0.85-1.20 €V), making it unlikely that the S,
states play a significant role in the photophysical properties.
The two lowest triplet vertical excitation energies vary from
1.15-1.20 eV and 2.30-2.56 €V, respectively. This means that the
first singlet vertical excitation energy is in between the two first
triplet vertical excitation energies in all cases, as previously
observed for the dimethylacridine-containing dyad 5a.°® BOD-
IPY dyads 5d-f show slightly lower first singlet and first triplet
vertical excitation energies with respect to BODIPYs 5a-c. This
is likely due to the smaller dihedral angles for these donor
units, resulting in delocalization of the HOMO from the BOD-
IPY part onto the donor unit, which is not seen for BODIPYs
5a-c (Fig. S1 and S2, ESIt). The increase in HOMO delocaliza-
tion gives rise to a more extended n-conjugated system for the
transition as the first singlet excited state is of HOMO — LUMO
character for all dyads, except for 5b (HOMO—2 — LUMO), for
which we already denoted the inversion between the topologies
of the HOMO and HOMO-2. The first singlet excited state has
a large oscillator strength, which indicates high molar absorp-
tivities (i.e. strong absorption).

To probe the CT characteristics of the push-pull BODIPY
series, the ground and excited state electron densities were
evaluated according to the work of Le Bahers et al., using the
distance over which charge is transferred (dcr) and the change

View Article Online
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in dipole moment (Au) as figures of merit (Table 2).”* As the
name implies, excitations with a higher degree of CT character
will have larger values for dcr since the charge is transferred
over a certain distance as opposed to localized excitations in
which the charge is merely redistributed over a given part of the
molecule. Furthermore, CT excitations are characterized by a
more significant Au as the charge is transferred from one part
of the molecule to the other, creating areas with reduced and
increased charge density distributions. For dyads 5a-f, the
So — S, transition seems to be the only excitation with CT
character, as indicated by the relatively large dcr (> 4.22 A) and
Ap (= 18.4 D) values with respect to those for the other
transitions (< 2.71 A for dor and < 7.2 D for Ay) (Table 2).
As discussed before, the vertical excitation energy for the Sq —
S, transition is much higher than for S, — S, (Table 1). Hence,
it seems unlikely that the S, state plays a significant role in the
ISC process. These findings can also be visualized by consider-
ing the difference between the excited and ground state elec-
tron densities, as shown in Fig. S6 and S7 (ESI¥).

Photophysical characterization

The photophysical properties of the six distyryl-BODIPY dyads
5a-f were investigated in a relatively polar (i.e. chloroform) and
rather apolar (i.e. toluene) medium to explore their absorption
and fluorescence behavior and their ability to generate '0O,.
Absorption and emission spectra afforded the basic spectral data
(Fig. 2 and Table 3). &¢ values were obtained at an excitation
wavelength of 605 nm, relative to nile blue. @, data were
collected by monitoring the absorbance of 1,3-diphenyliso-
benzofuran (1,3-DPBF) as a 'O, scavenger upon excitation at
639 nm (Fig. S8, ESIt). In combination with the molar attenua-
tion coefficients (¢), the brightness (BT) and phototoxic power
(PP) were determined. All data reported in Table 3 are mean
values from three independent measurements for each com-
pound in the indicated solvent. Only data from the wavelength
region of interest are displayed here. For the full absorption
spectra, we refer to Fig. S9 and Table S3 (ESIf).

For all BODIPY dyes, absorption maxima in chloroform were
found above 630 nm, within the phototherapeutic window.

Table 1 Calculated vertical singlet (S; and S,) and triplet (T; and T,) excitation energies and their corresponding oscillator strengths for BODIPYs 5a—f.

The dominant nature of the one-particle excitations is also given

So = 51 So > Sy So = Ty So = Ty

BODIPY AE* (eV) Osc. Str.” Nature® AE® (eV) Osc. str.” Nature® AE? (eV) Nature® AE* (eV) Nature®

5a 2.16 1.20 H-L 3.08 0.00 H-1-L 1.20 H-L 2.55 H-3-L
(574 nm) (97%) (85%) (93%) (50%)

5b 2.16 1.19 H-2-L 3.01 0.00 H-L 1.20 H-2-L 2.56 H-3-L
(573 nm) (96%) (89%) (93%) (49%)

5c 2.16 1.19 H-L 3.27 0.00 H-1-L 1.20 H-L 2.55 H-5-L
(573 nm) (97%) (91%) (94%) (50%)

5d 2.01 1.27 H-L 2.97 1.65 H-1-L 1.15 H-L 2.30 H-1-L
(617 nm) (90%) (85%) (78%) (45%)

5e 2.12 1.24 H-L 3.32 1.53 H-1-L 1.19 H-L 2.49 H-5-L
(585 nm) (93%) (77%) (86%) (32%)

5f 2.11 1.23 H-L 3.20 1.37 H-1-L 1.18 H-L 2.47 H-5-L
(589 nm) (89%) (81%) (80%) (33%)

“ Vertical excitation energy (wavelength). ? Oscillator strength. © H = HOMO, L = LUMO.

This journal is © The Royal Society of Chemistry 2022
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Table 2 Amount of charge-transfer character (dct1) and change in dipole moment (Ap, excited state dipole — ground state dipole) accompanying the

So = S, and Sg — T, (n =1, 2) transitions in chloroform

So = S So — S, So — T4 So — T,
BODIPY dex (A) A’ (D) dor” (A) Au’ (D) dor” (A) A’ (D) dor” (A) Au’ (D)
5a 0.64 1.3 5.14 34.7 0.64 1.7 0.38 0.6
5b 0.66 1.3 6.17 42.6 0.70 1.9 0.33 0.5
5¢ 0.59 1.2 6.11 41.8 0.64 1.7 0.28 0.5
5d 2.09 5.3 4.22 18.4 1.02 2.9 2.71 7.2
5e 1.17 2.5 4.61 20.2 0.75 2.0 1.48 2.9
5f 1.41 3.1 4.81 23.9 0.81 2.2 1.96 4.1

“ Distance over which charge is transferred between the indicated states
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Fig. 2 Normalized absorption spectra (solid lines) for BODIPYs 5a—f and their corresponding normalized fluorescence emission spectra (dashed lines;

Jexc = 605 nm) in toluene and chloroform.

Dyad 5d, carrying the diphenylamine donor, afforded the
largest bathochromic shift (190 nm) with respect to the initial
BODIPY core 2, with an absorption maximum around 690 nm.
The relative positions of the absorption maxima of the different
materials nicely reflect the trends in the calculated S, energies
(Table 1). The absorption profiles resemble these of typical
BODIPY dyes as they are sharp and have a high-energy absorption
shoulder. The phenothiazine and diphenylamine-functionalized
dyads have slightly different spectra. BODIPY 5c¢ shows a second,
red-shifted shoulder, while the absorption band of BODIPY 5d is

9348 | J Mater. Chem. C, 2022, 10, 9344-9355

clearly broadened. In the UV region, an absorption peak around
350 nm is observed in all cases, originating from the distyryl
extension of the BODIPY core (Fig. S9 and Table S3, ESIt). Other
UV peaks are related to the incorporated donor. Absorption
profiles in toluene solution almost entirely coincide with those
in chloroform, although being slightly red-shifted (~4 nm).

As it is known that phenothiazine units can afford dual
stable conformers, a relaxed potential energy surface scan
was performed for compound 5c¢ using the M06-2X/6-311G(d)
method (Fig. S10, ESIf).”* This revealed the existence of a
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Table 3 Spectroscopic data for BODIPY dyads 5a—f as obtained in toluene and chloroform solution?

Jabs’  em®  AP° fwhmupy  fwhmen® &" ‘ ‘ BT PP
BODIPY Solv. (nm) (nm) (em™) (em™! (em™! M 'em™) &/ o M'em™) (M 'em™Y
5a TOL 636 649 323 744 1333 1.24 x 10° 0.69 + 0.03 0.07 &+ 0.01 86200 9000
CL 633 645 294 777 917 1.20 x 10° 0.63 + 0.03 0.23 + 0.02 75200 27000
5b TOL 638 663 592 884 1086 1.05 x 10° 0.47 + 0.00 0.47 £+ 0.03 49200 49900
CL 634 653 459 882 1165 9.48 x 10* <0.01 0.37 + 0.02 400 35100
5¢ TOL 636 680 1017 867 777 1.12 x 10° 0.53 + 0.00 0.33 £+ 0.01 59600 36900
CL 633 683 1156 913 987 1.00 x 10° 0.05 + 0.00 0.38 = 0.01 5500 37900
5d TOL 691 712 427 1033 729 1.06 x 10° 0.47 + 0.01 0.06 + 0.01 49700 6300
CL 687 716 589 1304 916 9.63 x 10* 0.43 + 0.00 0.06 £+ 0.00 40900 5600
5e TOL 647 661 339 858 659 1.16 x 10° 0.73 + 0.02 0.04 £ 0.03 83900 5100
CL 642 658 379 883 721 1.19 x 10° 0.75 + 0.01 0.06 + 0.01 88 800 7300
5f TOL 653 669 367 915 696 1.18 x 10° 0.71 £ 0.01 0.01 £ 0.01 83,100 1300
CL 648 667 440 988 773 1.06 x 10° 0.70 + 0.01 0.02 £+ 0.01 74200 2000

“ All values are averaged over three independent measurements. © Spectrograde solvents were used for all measurements; TOL = toluene, CL =
chloroform. ¢ Absorption maximum. ¢ Fluorescence emission maximum. ¢ Energy difference between the absorption and emission maxima.
J Full-width-at-half-maximum of the absorption band. ¢ Full-width-at-half-maximum of the emission band. ” Molar attenuation coefficient.
' Fluorescence quantum yield determined vs. nile blue (&¢ = 0.27, Jexe = 605 nm in spectrograde ethanol). Standard deviations are reported.
J Singlet oxygen quantum yield determined vs. methylene blue ($4 = 0.52, Aexe = 639 nm in spectrograde ethanol) by monitoring the absorbance of
1,3-DPBF at 414 nm. Standard deviations are reported. © Fluorescence brightness. ! Phototoxic power.

P g p

slightly more stable conformer wherein one phenothiazine
donor unit has a much smaller dihedral angle with the distyryl
substituent, albeit being bent out of plane (Fig. S11, ESIT). This
conformer is henceforth termed the ’coplanar’ conformer for
convenience. (TD)DFT calculations were repeated for this con-
former and are presented in Tables S4, S5 and Fig. S12 (ESIT).
We observed a slightly lower S; state compared to the perpendi-
cular conformer (Table 1), providing a possible explanation for
the presence of the red absorption shoulder for 5c in Fig. 2.
Despite the larger calculated oscillator strength for the copla-
nar conformer, this red-shifted absorption is, however, of lower
intensity. In addition, the coplanar conformer is not observed
in the single-crystal structure and therefore it is considered
to be less present and of little importance for the further
discussion.

For the six BODIPY dyes, the emission maxima are close to
their absorption counterparts, resulting in small Stokes shifts,
both in chloroform and toluene solution. For phenothiazine-
BODIPY dyad 5c, the difference between the absorption and
emission maxima reaches over 1000 cm . This large offset is of
interest for future PDT applications, since it limits interference
between the activation light and the emitted fluorescence. For
BODIPYs 5b, ¢, only one (strongly tailing) fluorescence peak is
seen. For the other donors 5a, d-f, a low-energy emission
shoulder of varying relative intensity is noticed. For a better
visualization of the spectroscopic differences within the com-
plete series, the absorption and emission profiles were plotted
together in a separate figure for each solvent in Fig. S13 (ESIY).

&¢ and @, values depend on the type of donor introduced
and differ significantly. Generally, the fluorescence ability
decreases compared to BODIPY precursor 2 (¥ = 0.97 in
dichloromethane),” as expected for red-shifted dyes due to
the energy-gap law. However, these values are still significant,
retaining a @¢ of at least 40% in chloroform as well as in toluene
solution for dyads 5a, d—f. The brightest variants are obtained with
dimethylacridine (5a), carbazole (5e), and di-tert-butylcarbazole (5f)

This journal is © The Royal Society of Chemistry 2022

donors, with quantum yields around 70%. BODIPYs 5b, ¢ are
somewhat peculiar as their emission is almost negligible in
chloroform, but close to 50% in toluene. According to ®,, we
can divide the six dyads into two groups, in line with our
observations on the D-A dihedral angles given in Fig. 1. The
BODIPY materials based on diphenylamine and both carbazole
donors (5d-f; 0p_, < 90°) are unable to produce a considerable
amount of 'O, during excitation at 639 nm (around or below
6%). On the other hand, dimethylacridine, phenoxazine, and
phenothiazine (5a-c; 0p,_, = 90°) afford suitable PSs with 'O,
quantum yields of 23, 37, and 38% in chloroform, respectively.
The @, value for the dimethylacridine-based dyad 5a in toluene
drops below 10%. Interestingly, this is not the case for phenox-
azine and phenothiazine dyads 5b-c, where 'O, production is
still significant, with yields of 47 and 33%, respectively. Hence,
the combination of strong fluorescence and 'O, formation,
together with their high molar attenuation coefficients, renders
these new distyryl-BODIPY dyes promising dual-functioning PSs.

Solvent- and concentration-dependent fluorescence

At this stage, the underlying mechanism explaining the differ-
ences in @, remains unclear. TDDFT calculations (Table 2)
showed that ISC via intermediate CT states (SOCT-ISC), as often
proposed in literature for push-pull type (BODIPY) dyes, seems
unlikely as there is no available CT state.®™*>*”*® The presence
of CT states can be revealed photophysically by evaluating the
fluorescence profiles in solvents of different polarity. As CT
states are highly polar excited states, a polar medium stabilizes
them. Hence, CT bands typically display a bathochromic shift
in polar solvents. Furthermore, CT bands initially absent in an
apolar solvent can be revealed in polar medium as the CT state
might become more populated and/or emissive relaxation
toward the ground state is favored as a result of the changed
CT energy. Additional measurements were hence performed in
the more polar solvents acetone, dimethyl sulfoxide (DMSO),
and acetonitrile (Fig. S9, S13-S14 and Tables S3, S6, ESIf).
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Fig. 3 Normalized fluorescence emission spectra for a dilution series of BODIPYs 5a—f in chloroform (lexc = 605 nm).

For dyads 5d-f, no meaningful influence of solvent polarity
on the emission profile was observed. The fluorescence of
BODIPYs 5a-c did vary to some extent between polar and apolar
solvents. For the dyads with phenoxazine (5b) and phenothia-
zine (5¢), a potential CT band can be distinguished. However,
the nearly completely quenched fluorescence in 5a-c (Table S6,
ESIT) renders these observations rather inconclusive.

In our previous work on BODIPY-dimethylacridine dyads
(5a), we suggested that ISC could possibly proceed via an
exciplex intermediate state (‘EX).°® Hence, a similar screening
of the fluorescence profile at different concentrations was
performed for BODIPYs 5b-f (Fig. 3 and Fig. S15-S17, ESI¥).

A bathochromic shift in the fluorescence maxima was
observed for the six BODIPYs upon increasing concentration.
This is a commonly observed phenomenon, whereby the
increased molecular interaction enlarges the perceived Stokes
shift (inner filter effect).”® As previously described, dyad 5a
shows a strong increase in relative intensity of a second
emission band as the concentration increases.®® In diluted
samples, the localized singlet state ('LE) emission at 645 nm is
most intense. As concentration increases, the relative population
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of the 'LE and 'EX band is altered, and the exciplex state
becomes more distinct. This trend results in an exciplex band
(Aemex = 690 nm) that transcends the 'LE emission. At high
concentration, the 'LE emission even disappeared completely,
with only the emission from the 'EX state remaining. Similar
behavior is observed in toluene (Fig. S14, ESIt). For the other
dyads (5b-f), this remarkable behavior is not explicitly visible
(Fig. 3 and Fig. S15, ESIf). A slight increase of the long-
wavelength fluorescence shoulder can be noticed for BODIPYs
5d-f upon increasing concentration, but not at all to the same
extent as for 5a. Furthermore, the dyads with phenoxazine and
phenothiazine donors (5b-c) do not show a second emission
band resulting from molecular aggregation, despite their ISC
ability. Hence, exciplex formation seems to occur only for dyad
5a, whereas BODIPYs 5b-c have to rely on another mechanism
to explain their high 'O, generation capabilities upon photo-
excitation. To get a better idea of the relative fluorescence
intensities at different concentrations, these data were also
normalized to the concentration (Fig. S16 and S17, ESIY). In all
cases, a strong quenching of the emissive behavior was observed
upon increasing concentration.

This journal is © The Royal Society of Chemistry 2022
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Femtosecond transient absorption spectroscopy

Transient absorption spectra, achieved with a high time resolu-
tion of ~ 30 fs, were recorded to gain additional information on
the ultrafast excited state evolutions of the dyads. All samples
were excited using a broadband ultrashort pulse (<30 fs)
covering the 550-760 nm spectral range. A second broadband
ultrashort pulse was used as the probe beam. Transient spectra
were acquired within a pump-probe time delay window of 200
ps. The raw transient absorption spectra are shown in Fig. S18
and S19 (ESIt). To extract the time constants associated with
the excited state evolution, a global fitting of the kinetic traces
was performed using a sequential linear kinetic scheme (using
the software Glotaran).”” The evolution-associated difference
spectra (EADS) obtained from global analysis for BODIPYs 5a-f
in toluene solution are reported in Fig. 4. Global analysis was
also performed on the transient data of dyads 5a-f in chloro-
form solution (Fig. S20, ESIt). The EADS are very similar to
those obtained in toluene solution, although there are small
differences in the extracted kinetic constants. To facilitate the
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Journal of Materials Chemistry C

analysis of the new dyads, a reference compound lacking a
donor moiety (distyryl-BODIPY 5H, donor = H in Scheme 1) was
synthesized and transient spectra were acquired for this com-
pound as well (see Fig. S21 and the associated discussion in the
ESIY).

Considering the newly synthesized dyads 5a-f, whose EADS
are reported in Fig. 4, the most intense signal is a negative band
whose position matches well with the absorption maximum
(Fig. 2) and can thus be assigned to ground-state bleaching
(GSB). Besides, differences are observed for the smaller inten-
sity excited-state absorption (ESA) and stimulated emission (SE)
bands. As noticed in Fig. 4, the EADS of BODIPYs 5b, c are
qualitatively similar. In both cases, a positive band is observed
to rise on a 10-20 ps timescale in the 680-750 nm region, while
the low intensity SE band is not observed for these systems. In
case of phenoxazine-BODIPY 5b, the positive signal starts rising
at the short timescale since it is already observed in the second
spectral component, with a rise time of 200 fs. The positive
band is initially peaked at 700 nm. Within the following 5.5 ps,
the ESA intensity increases and a second maximum at 730 nm
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Fig. 4 Evolution-associated difference spectra (EADS) for BODIPYs 5a—f in toluene solution as obtained by singular value decomposition (SVD) and

global fitting of the transient data (target analysis).
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appears. The band further rises in the evolution toward the
following EADS, occurring in 23 ps. The intensity of the
bleaching signal progressively recovers, and its peak slightly
blue-shifts in time. For phenothiazine-BODIPY 5c, the rise of
the positive band appears slower as compared to 5b. Indeed, a
positive band peaked at 700 nm is clearly observed only in the
third spectral component, rising in 10 ps. In the following
EADS, a negative signal appears in the 660-700 nm region,
while two positive peaks are visible at 650 and 710 nm. The
appearance of a positive band on the red side of the bleaching
band can point to the occurrence of charge separation between
the BODIPY core and the donor substituents. Indeed, it was
previously indicated that the localization of a negative charge
on the BODIPY core induces the appearance of an absorption
band on the red side of the GSB of the correspondent neutral
species.®”878 The spectral evolution observed for dyad 5¢ on
the 83 ps timescale could point to a structural relaxation of the
charge-separated state (CSS).

The occurrence of charge separation is less clear in case of
BODIPY 5a. The transient spectra registered in the two solvents
are very similar (Fig. 4 and Fig. S20, ESIf). The initial EADS
resembles that of the distyryl BODIPY without a donor moiety
(5H; Fig. S21, ESIT). The signal evolves in 160 fs, with the ESA
band broadening and compensating the SE band. The spectral
shape remains almost unvaried in the following evolution
(2.6 ps), while in the subsequent evolution (88 ps) both the
GSB and ESA band decrease in intensity. A small SE signal is
again visible in the final spectral component because of the
decreased intensity of the positive signal in the same region.
The rise of a positive signal in the 700 nm region could indicate
the presence of a CSS. However, the kinetics of this process are
different compared to what was observed for BODIPYs 5b, c.
Comparing the kinetic traces recorded on the ESA band of
compounds 5a-c (Fig. S22, ESI}), it can be noticed that the
positive band in 5b, ¢ rises on a similar timescale of a few tens
of ps, while the rise for 5a is much faster and is followed by a
faster decay. Comparison of the transient absorption data thus
suggests that the ISC mechanism for these dyes might be
different, with triplet formation possibly mediated by the
presence of exciplexes in case of dimethylacridine-BODIPY 5a
and charge separation/recombination for phenoxazine- and
phenothiazine-BODIPYs 5b, c.

The EADS of BODIPYs 5d-f are qualitatively different from
those of BODIPYs 5a-c (Fig. 4 and Fig. S20, ESI}). In particular,
the EADS of carbazole-BODIPYs 5e, f closely resemble those
of the distyryl-BODIPY 5H, although red-shifted. The ESAs
observed in these compounds, peaked at 688 and 700 nm,
respectively, have a very fast rise, suggesting that this signal is
associated to the bright S; state. This is clearly shown by the
comparison of the kinetic traces recorded on the ESAs of 5b and
5f shown in Fig. S23 (ESIf). The spectra of diphenylamine-
BODIPY 5d are different, reflecting the strong red-shift in the
absorption observed for this sample. Indeed, in this case,
the bleaching signal is located at 693 nm and an ESA band
is observed in the blue part of the investigated spectral
region (560 nm). Following the time evolution, the bleaching
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progressively recovers, while a SE band appears around 730 nm.
This band progressively increases in intensity and slightly red-
shifts, signaling the occurrence of emission by a relaxed excited
state. Nevertheless, also in this case there is no indication of
the involvement of other excited states in the dynamics, which
thus proceeds through relaxation from the bright S, state.

To gain additional information on the occurrence of charge
separation and the differences observed in dyads 5a-c as
compared to 5d-f, transient spectra of two representative
compounds for each group, namely 5b and 5e, were measured
on an extended timescale reaching 1.5 ns pump-probe delay.
The EADS obtained by performing a global analysis on these
data, in both chloroform and toluene, are reported in the
supplementary information (Fig. S24 and S25 (ESIT) and related
comments). By inspection of the EADS, it can be noticed that
the excited state dynamics on the timescale >200 ps are highly
influenced by solvent polarity in case of BODIPY 5b, as is
expected in case of charge separation. Indeed, the transient
spectra recover almost completely within the 1.5 ns timescale in
chloroform, suggesting the occurrence of charge recombina-
tion, while slower dynamics are observed in toluene. In case of
5e, both the spectral shape and the spectral evolution are
almost independent on solvent polarity.

Excited state geometry optimizations

Since the femtosecond transient absorption spectra suggest
the presence of an intermediate state with CT character in
BODIPY dyads 5b, ¢ (Fig. 4), whereas there is no evidence of
the involvement of this state from TDDFT calculations on the
ground state geometry (Table 2), excited state geometry opti-
mizations were performed to probe the effects of geometrical
relaxation. While higher level methods such as riCC2 or
CASPT2 are preferred to optimize the excited state geometries
of molecules exhibiting CT character, it has been shown that XC
functionals with significant amounts of Hartree-Fock exchange,
such as M06-2X or long-range corrected XC functionals such as
CAM-B3LYP, give reasonable results with respect to these higher
level methods or experimental results.*’®* Since higher level
methods (riCC2, CASPT2, etc.) are too computationally demand-
ing for these molecules, the same level of approximation as
applied for the ground state optimizations (M062X/6-311G(d))
was used. The excited state geometries for the first (LE character)
and second (CT character) excited states were optimized in the
gas phase. Upon relaxation, the first singlet excited states of
BODIPYs 5a, b show smaller D-A dihedral angles of 82° and 64°,
respectively (Fig. S26 and S27, ESIt). For BODIPY 5c, this is not
the case (Fig. S28, ESIt). BODIPYs 5d-f do not show significant
differences in the D-A dihedral angles as compared to the
ground states either (Fig. S29-S31, ESIt). The decrease in dihe-
dral angle for 5a, b leads to a delocalization of the HOMO onto
the donor and distyryl-BODIPY fragments and mixes CT and LE
character for the first singlet excited state (Fig. S26,527 and
Table S7, ESIt). For 5b, this effect is much stronger due to the
strongly reduced dihedral angle with respect to the ground state
geometry. When optimizing the second singlet excited state, the
D-A dihedral angles remain unchanged as compared to the
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ground state (Fig. S26-S31, ESIt). The S;-S, energy difference
(AEs;-g,) remains unchanged for BODIPYs 5d-f and no mixing of
CT and LE character is observed for these molecules. However,
a strong decrease of AEs; g, is observed for BODIPYs 5a and
(in particular) 5b, indicating that the excited states are close in
energy for this given geometry (Table S8, ESIt). For dyad 5c, we
were unable to optimize the second singlet excited state due to a
rearrangement of the energy levels during the optimization
procedure. We do observe that the vertical de-excitation energies
of S; and S, come very close and even invert before the energy
level rearrangement occurs. These results indicate that after
excited state relaxation, the LE and CT excited states come closer
in energy for BODIPYs 5b, ¢ thus enabling a mixing between
them. This is in line with the findings of the femtosecond
transient absorption experiments and further solidifies the
hypothesis that a CT state is involved in the ISC process.

Involvement of CT states also allows to clarify the strong
solvent dependence of the fluorescence intensity of 5b, c
(Table 3). As CT states are highly polar excited states, their
energy is strongly affected by the surrounding medium.®* In a
more polar solvent (e.g. chloroform), the CT state is stabilized,
thereby decreasing its energy. However, the approach of the CT
state to the ground state induces more radiationless relaxation.
Accordingly, dyads 5b, ¢ show quenched emission in chloroform.
In relatively apolar toluene solution, a larger singlet state popula-
tion is retained, preserving the fluorescence.

Conclusions

A series of six different distyryl-BODIPY-donor dyads were syn-
thesized and the photophysical properties were evaluated with
an eye on their potential application as photosensitizers
in image-guided photodynamic therapy. All dyes show strong
absorption in the phototherapeutic window. The main differ-
ences are found in their brightness and phototoxic behavior.
BODIPYs bearing diphenylamine or carbazole donors show
moderate to strong fluorescence, respectively, but produce very
little singlet oxygen upon photoexcitation. Dimethylacridine,
phenoxazine, and phenothiazine donors are oriented perpen-
dicularly with respect to the styryl moieties in the ground state
geometry. This seems to be an essential structural feature as,
next to a moderate fluorescence quantum yield, these dyads
afford significant singlet oxygen quantum yields without the
aid of heavy atoms. Phenoxazine- and phenothiazine-bearing
BODIPYs show improved photosensitizer characteristics with
respect to the earlier reported dimethylacridine-distyryl BOD-
IPY dyads. With @¢=53% and @4 = 33% for phenothiazine, and
&¢ = @5 = 47% for phenoxazine (in toluene), these new dyads
can be considered as highly promising dual-functioning photo-
sensitizers. The intersystem crossing mechanism in the BOD-
IPY dyads was studied using femtosecond transient absorption
spectroscopy. Charge separation/recombination seems to take
place in the phenoxazine- and phenothiazine-based molecules.
This hypothesis was further solidified by optimizing the first
and second excited state geometries, revealing their relatively

This journal is © The Royal Society of Chemistry 2022
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small energy difference, allowing mixing between them. Further
improvements with respect to the donor could be explored
toward even more efficient BODIPY photosensitizers. However,
one should be aware that several other factors come into play
besides merely donor strength. Although a new donor could
improve charge-transfer characteristics, other variables (e.g. geo-
metry, redox potential, dipole moment, charge recombination)
will change as well, thereby affecting the overall phototoxicity.
Balancing these effects remains the key toward high-performance
dual photosensitizers. In any case, due to the promising results
for our present donor-acceptor BODIPY dyads, further steps will
already be taken to probe their behavior in biological media with
an eye on future in vitro and in vivo examinations.
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