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Light-Induced Charge Separation in Covalently Linked
BODIPY-Quinone-Alkyne Dyads

Sebastian Knoll,! Clara Zens,” Tamar Maisuradze,” Heiner Schmidt,™ ¥ Stephan Kupfer,*™®’
Linda Zedler,*'¥ Benjamin Dietzek-lvansi¢,” ¥ and Carsten Streb*™ ¢

Visible light-induced charge separation and directional charge
transfer are cornerstones for artificial photosynthesis and the
generation of solar fuels. Here, we report synthetic access to a
series of noble metal-free donor-acceptor dyads based on
bodipy light-absorbers and redox-active quinone/anthraqui-
none charge storage sites. Peripheral functionalization of the

Introduction

Natural and artificial photosynthetic schemes rely on the ability
to combine visible light-driven charge separation with direc-
tional proton-coupled electron transfer." In both systems, this
ability forms the basis to access solar fuels by coupled
(photo—)redox reactions such as water oxidation® and proton
reduction.” Artificial systems often employ donor-acceptor
dyads to study and realize (proton-coupled, multiple) electron
transfer (PCET) processes.” Early pioneering dyads were often
based on a noble metal complex photosensitizer linked to an
organic charge storage site.”® Often, these systems used
ruthenium, iridium or osmium based photosensitizers® com-
bined with redox-active charge storage sites ranging from
organic redox-active molecules (e.g., quinone derivatives)® to
fullerenes™' and molecular metal oxides.">™ More recently,
noble metal-free dyads based on earth-abundant components
have been developed, leading to prototypes with increased
technological importance. Prime examples utilize 3d metal
complexes or organic dyes as light absorbers: for example,
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quinone/anthraquinone units with alkynes primes the dyads for
integration into a range of light-harvesting systems, e.g., by Cu-
catalyzed cycloadditions (CLICK chemistry) or Pd-catalyzed C—C
cross-coupling reactions. Initial photophysical, electrochemical
and theoretical analyses reveal the principal processes during
the light-induced charge separation in the reported dyads.

Kennis and co-workers developed Zinc-porphyrin light-absorb-
ers covalently linked to carotenoid structures as models to
rationalize energy transfer and dissipation in natural
photosynthesis."" Wasielewski and co-workers used a Zn-
containing chlorophyll derivative as light-absorber, linked to a
perylene-acceptor to study quantum interference effects as a
function of the covalent linkage between both components.'!

Wenger and co-workers, provided a huge variety of
ruthenium based dyads featuring different donor-acceptor
frameworks, long range PCET dyads or even bodipy based
platinum systems."®'® Purely organic dyads have been de-
signed, e.g., by linking perylene dyes to triarylamines for use in
dye-sensitized solar cells.” Also, bodipy dyes have been linked
to quinones as a means of modulating fluorescence in the
resulting dyads,?" to efficiently generate charge separated
states,”? to drive electron storage in molecular metal oxides®”
or for the direct light-driven hydrogen evolution.”?” One current
challenge in the field is the design of noble metal-free dyads
which can subsequently be linked to other functional units,
e.g., to catalysts for light-driven hydrogen evolution, CO,
reduction or water oxidation. To this end, peripheral reactive
sites, e.g., phenols, carboxylic acids,” alkynes, aromatic
halides”® and azides”” have been incorporated into dyes and
dyads to enable a broad scope of linkage chemistries, including
ester/amide formation,”*?® C—C-coupling reactions®” as well as
dipolar cycloadditions (including CLICK chemistry).25?")

Here, we report the design and synthesis of bodipy-
quinone/anthraquinone donor-acceptor dyads using a facile
CLICK chemistry approach.” The fundamental dyad properties
were analyzed in a synergetic approach that combines syn-
thesis, spectroscopy and theory. We demonstrate that under-
standing of the underlying photophysics as well as redox
properties can be used to predict energy dissipation processes
of the dyads upon visible light excitation. We also report the
introduction of a peripheral alkynyl group on the quinone to
facilitate subsequent coupling reactions such as CLICK
chemistry or Pd-catalyzed cross-couplings to link the dyad to
other functional units, including catalysts, polymers or surfaces.
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Results and Discussion
Electron Bridge Synthesis

The quinone-based electron bridge was synthesized in six steps
(see ESI, Figure S1), starting with the commercially available
hydroquinone (1,4-dihydroxybenzene). First, the hydroxy group
was protected by a slightly modified methylation procedure,
using dimethyl carbonate (DMQ) and 1,8-
diazabicyclo(5.4.0)undec-7-ene (DBU) as catalyst, resulting in
the isolation of 1,4-dimethoxybenzene.®® Standard iodination
with iodine monochloride for electron rich aromatics gave 1,4-
diiodo-2,5-dimethoxybenzene. This was deprotected with boron
tribromide and quenched with water to afford 2,5-diiodoben-
zene-1,4-diol. The trimethylsilyl (TMS)-protected acetylene moi-
ety was introduced via a palladium/copper catalyzed sp-sp?
C—C coupling reaction (Sonogashira—coupling); the resulting
species was then  protected by reaction  with
chloro(triisopropyl)silane in the presence of imidazole as
catalyst, giving ((2,5-bis((triisopropylsilyl)oxy)-1,4-
phenylene)bis(ethyne-2,1-diyl))bis-(trimethylsilane). TMS group
cleavage was achieved using an alkaline methanolic potassium
carbonate solution to give ((2,5-diethynyl-1,4-
phenylene)bis(oxy))bis (triisopropylsilane) as the quinone-based
protected electron bridge.®'¥ Full synthetic and analytical
details are presented in the ESI.

The anthraquinone based electron bridge was synthesized
in four steps (see ESI, Figure S2), starting from the commercially
available 2,6-diaminoanthracene-9,10-dione. Reacting of this
species with tert-butyl nitrite and copper(ll) bromide gave the
2,6-dibromoanthracene-9,10-dione derivative. The subsequent
palladium/copper catalyzed sp-sp? C—C coupling reaction with
TMS-acetylene resulted in the formation of 2,6-bis
((trimethylsilyl)ethynyl)anthracene-9,10-dione.*>*® For solubility
reasons, the anthraquinone derivative was reduced and
protected in a one-pot reaction using zinc powder as reducing
agent and chloro(triisopropyl)silane as the reactant, yielding
((9,10-bis((triisopropylsilyl)oxy)anthracene-2,6-diyl)bis(ethyne-
2,1-diyl)) bis(trimethylsilane). TMS-group cleavage was per-
formed using a methanolic potassium carbonate solution,
resulting in the anthraquinone-based protected electron bridge,
((2,6-diethynylanthracene-9,10-diyl)bis(oxy))bis(triisopropyl-
silane).

Bodipy Dyes

In contrast to the published synthesis route of fluorescent, azide
functionalized bodipy dyes, starting from p-nitrobenzaldehyde
towards the nitro functionalized bodipy dye with subsequent
nitro group reduction and the follow up amine diazotation-
substitution reaction,®”** our route reverses the azide introduc-
tion path and the bodipy condensation path. Therefore, a
highly fluorescent bodipy dye was synthesized in three steps
(see ESI, Figure S3), starting from commercial p-bromobenzyl
alcohol. A copper(l) iodide - catalyzed nucleophilic aromatic
substitution (i.e., aromatic Finkelstein reaction), was used to
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give the p-azidobenzyl alcohol. Subsequent oxidation with
manganese(lV)-oxide gave p-azido benzaldehyde. The bodipy
dye was then synthesized by reacting the p-azido benzaldehyde
with 2,4-dimethylpyrrole under acid catalysis, subsequent
oxidation and complexation of boron trifluoride etherate under
alkaline conditions, giving Me,BodipyN;. Oxidative iodination
with elemental iodine and iodic acid®” in ethanol/water was
used to synthesize the bis-iodinated product featuring iodo-
substituents in 2- and 6-position of the dye, giving
1,Me,BodipyN; (see ESI Figure S4).

Dyads

Quinone based dyads were synthesized in three steps (see
Figure 1), using microwave assisted copper catalyzed azide-
alkyne cycloaddition (CuAAC). To prevent a multi-functionaliza-
tion of the bis-alkyne ((2,5-diethynyl-1,4-phenylene)bis(oxy))bis
(triisopropylsilane), an excess of the electron bridge was used.
This excess can be separated by column chromatography and
reused. Thus, iodinated (l,Me,BodipyN;) or non-iodinated
(Me,BodipyN,) azide functionalized bodipy dyes were reacted
with the quinone based electron bridge and a copper(l) catalyst
to obtain the protected X,Me,Bodipy-BQ(TIPS) dyad
(Me,Bodipy-BQ(TIPS) and I,Me,Bodipy-BQ(TIPS)). After deprotec-
tion with potassium fluoride, the reduced X,Me,Bodipy-BQH,
dyads were isolated (Me,Bodipy-BQH, and I,Me,Bodipy-BQH,),
and subsequent oxidation led to the final X,Me,Bodipy-BQ
dyads (Me,Bodipy-BQ and I,Me,Bodipy-BQ), see Figure 1/Fig-
ure S5.

A similar synthesis was used to access the anthraquinone
derivative, obtaining  Me,Bodipy-AQ(TIPS).  (note:  the
1,Me,Bodipy-AQ(TIPS) derivative was not isolated as a pure
product). Using the properties of anthraquinone, deprotection
and oxidation were performed in one step using molecular
oxygen to oxidize the intermediate 9,10-anthracenediol, leading
to the final anthraquinone based dyads X,Me,Bodipy-AQ
(Me,Bodipy-AQ and I,Me,Bodipy-AQ), see Figure 2/Figure S6.

Characterization

The identity and purity of the reported compounds was
established using 'H, *C and "F NMR spectroscopy. Bodipy
dyes and dyads were additionally characterized by UV-Vis
absorption and emission spectroscopy as well as electrochemis-
try (see ESI, Section Characterization). The presence or absence
of azide groups was detected based on characteristic azide and
triazole vibrational modes observed by ATR-FT-IR; this approach
was used to identify the successful coupling during the CLICK
reaction.

Electronic Structure of the Dyads

UV-Vis absorption and emission spectra of the bodipy dyads are
shown in Figures 3 and 4. The non-iodinated bodipy dyads
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Figure 1. Synthesis scheme of X,Me,Bodipy-p-benzoquinone (X=H, I) based dyads.
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Figure 2. Synthesis scheme of X,Me,Bodipy-9,10-anthraquinone (X=H, I) based dyads.

feature high extinction coefficients (in CHCl; and MeCN) in the
blue to green region between A=420 and 550 nm with
maximum extinction coefficients ¢,,,,~70,000 L-mol™"-cm™' at
Amax~505 nm (CHCI;) or A,,~500 nm (MeCN) (Figure 3). The
iodinated dyads show a bathochromic absorption shift to
wavelengths of 450-580 nm. For the iodinated bodipys, similar
absorption features are observed. Also, the lowest-energy
transition is observed at ~533 nm (in MeCN) and ~540 nm (in
CHCI;,) for iodinated bodipys (Figure 4).

Chem. Eur. J. 2024, 30, €202303250 (3 of 13)

Functionalization of the para—position of the phenyl ring
does not affect the absorption wavelength. Figures 3 and 4
show computed vertical electronic absorption spectra overlayed
with experimental UV-Vis data. To evaluate the electronic
structure of the quinone-substituted bodipy dyads, quantum
chemical simulations were performed at the DLNPO-NEVPT2 as
well as at the density and time-dependent density functional
(DFT and TDDFT) levels of theory. In contrast to DLPNO-NEVPT2
and in agreement with the literature,*'*® the TDDFT calculated
energies of the lowest dipole-allowed n—n* transition of the
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Figure 3. UV-Vis absorption spectra (solid lines, red and black), calculated vertical excitations (dark red) and normalized emission spectra (dashed lines) of A:
Me,Bodipy-N,, B: Me,Bodipy-BQH,, C: Me,Bodipy-BQ and D: Me,Bodipy-AQ in CHCI; (black) and MeCN (red); A., =470 nm. Key electronic transitions as
obtained at the TDDFT level of theory, namely the strongly dipole-allowed bodipy transition (t—n*) and excitation into the charge separated (CS) state, are
labelled and indicated by charge density differences. Charge transfer takes place from red to blue.

bodipy chromophore are overestimated by approximately
0.3 eV (for further information, see Sl). For Me,Bodipy-BQ this
excitation is (HOMO—LUMO + 1) predicted at 2.93 eV (423 nm).
Upon iodine functionalization, i.e., for I,Me,Bodipy-BQ, this
n—n* transition is shifted to 2.68 eV (463 nm). Note that for
Me,Bodipy-AQ and |,Me,Bodipy-AQ, identical excitation ener-
gies for the n—n* transition are calculated.

A noticeable difference between the species can be
observed in the UV region between 250 and 400 nm. For
Me,BodipyN; and 1,Me,BodipyN;, these absorptions are related
to m-n* transitions of substituted phenyl rings, while in the
(anthra)quinone functionalized systems, these transitions are
mostly related to m—n* transitions involving (anthra)quinone
systems. Compared to reference spectra (see S| Figure S84)
those absorption bands are shifted to lower energies due to the
functionalization and the change in the (anthra)quinone
symmetry. Three absorption bands at ~350 nm (CHCl;)/346 nm
(MeCN), 274 nm (CHCl; and MeCN) and 230 nm (MeCN)
correspond mainly to transitions of the hydroquinone subunit,
however, alkyne, phenyl as well as triazole moieties are involved
as well. The benzoquinone subunits are mainly characterized
via two absorptions in this region at ~312 (CHCl;/MeCN) and
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~260 nm (CHCI;/MeCN). These absorption features correspond
to calculated transitions in MeCN at 339 nm and 333 nm,
266 nm and 258 nm, as well as at 217 nm. The absorption
features in the 330 nm region correspond to transitions from
the m-orbital of the phenyl and the n-orbitals of the triazole to a
n*-orbital of the quinone. The absorption feature centered at
260 nm originates from similar phenyl and quinone-related
transitions. The absorption at 217 nm involves a transition from
the m-orbitals of the bodipy chromophore and the alkyne-
moiety towards the m*-system comprising the phenyl-, triazole
and the quinone (Table S5). The anthraquinone functionalized
bodipys were quantitatively measured only in CHCl; due to low
solubility in MeCN. They show three absorption bands at
~350 nm, ~303 nm and ~279 nm. The calculated UV-Vis spectra
in MeCN showed transitions at 343, 295 and 289 nm, as well as
at 261 and 257 nm, respectively. The transition at 343 nm is a
n—mn* excitation of anthraquinone and involves n*-orbitals of
alkyne moiety as well. States absorbing at 295 nm and 298 nm
are transitions from m-orbitals of the phenyl triazole unit to n*-
orbital of anthraquinone, with n—n* excitations within the
anthraquinone moiety. Absorption at 261 nm involves n—n*
orbitals of anthraquinone and n*-orbitals of alkyne group, while

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 4. UV-Vis absorption spectra (solid lines, red and black), calculated vertical excitations (dark red) and normalized emission spectra (dashed lines) of A:
1,Me,Bodipy-N; B: I,Me,Bodipy-BQH,, C: I,Me,Bodipy-BQ and D: ,Me,Bodipy-AQ in CHCl; (black) and MeCN (red); A.,=500 nm. Key electronic transitions as
obtained at the TDDFT level of theory, namely the strongly dipole-allowed bodipy transition (t—n*) and excitation into the charge separated (CS) state, are
labelled and indicated by charge density differences. Charge transfer takes place from red to blue.

states at 257 nm mainly involve transitions from n-orbitals of
bodipy to m*-orbitals of anthraquinone (Table S6). In general,
the non-iodinated bodipys provide a strong green fluorescence
(except for Me,Bodipy-BQ), when irradiated with blue light
(470 nm, see Figure 5). This can be also observed in the
emission spectra, where a strong asymmetric fluorescence band
can be detected at ~514 nm (CHCl;)/~510 nm (MeCN). After
iodination in the bodipys’ 2,2’ position, a diminished and
bathochromic shifted emission signal can be observed at
~558 nm (CHCI;)/552 nm (MeCN), due to the possible popula-
tion of triplet excited states® A drop of more than 90% in
signal intensity is observed when comparing the non-iodinated
species Me,BodipyN; with the iodinated |,Me,BodipyN; (see SI
Figure S81). Also, oxidation of Me,Bodipy-BQH, to Me,Bodipy-
BQ resulted in a further drop of emission intensity (by ~90% in
MeCN/~99% in CHCl;). A similar, but less pronounced effect
was observed for [|,Me,Bodipy-BQH, and |,Me4Bodipy-BQ
(emission decrease ~66-73% in MeCN/~80-89% in CHCl;) (see
SI figures S82-83). Additionally, emission quantum yields have
been determined. As expected, and in accordance with the
featured emissions, a drop in the emission quantum yield could
be observed after dyad iodination, as well as after the oxidation
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from the hydroquinone towards the quinone derivative. There-
fore, quantum yields between 10% and 41% could be
determined for Me,Bodipy-BQH, (CHCl;: 40.7 %, MeCN: 36.7 %)
and Me,Bodipy-AQ (CHCl;: 12.7%, MeCN: 10.5%), while iodi-
nated and oxidized dyads only feature quite low quantum
yields between 0.5% and 4.5%; Me,Bodipy-BQ (CHCl;: 1.7 %,
MeCN: 3.1%), 1,Me,Bodipy-BQH, (CHCl;: 4.5%, MeCN: 2.3%),
,Me,Bodipy-BQ (CHCl;: 0.7%, MeCN: 0.5%), |.Me,Bodipy-AQ
(CHCl;: 3.3, MeCN: 3.2%). Due to a decrease in electron density
in the quinone subunit and the lower lying orbitals, a new
radiationless deactivation pathway is accessible. We also note
that the emission features show a weak solvatochromism. The
Stokes shift of all compounds is between 47 meV (379 cm™)
and 80 meV (645cm™") and does not change significantly
between different solvents. Slightly larger Stokes shifts are
observed for the iodinated bodipys compared with the non-
iodinated species. A small Stokes shift relates to a minor
structural rearrangement within the excited state of the
molecule.

Calculated emission data in MeCN, as obtained in the fully
relaxed n—n* equilibrium structure, show an emission energy
of 2.77 eV (447 nm) for Me,Bodipy-BQ, 2.53 eV (489 nm) for

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 5. Left: Normalized emission spectra of Me,Bodipy-BQH, (red line) and Me,Bodipy-BQ (blue line) in MeCN (A, =470 nm). Inset: photographs of emission
features: left: daylight without irradiation, middle: irradiation (470 nm); right: irradiation (470 nm) with blue light lens-filter. Right: Normalized emission spectra
of I,Me,Bodipy-BQH, (red line) and I,Me,Bodipy-BQ (blue line) in MeCN (A, =500 nm, FFT filtered). Inset: photographs of emission features: left: daylight
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I,Me,Bodipy-BQ, 2.75eV (451 nm) for Me,Bodipy-AQ, and
2.53 eV (490 nm) for ,Me,Bodipy-AQ. As mentioned above, the
simulated TDDFT energies of these n—n* transitions are
systematically overestimated by ~0.3 eV. This is also the case for
the emission, as the same underlying electronic transition is
involved. The relaxation of the n—n* singlet excited state does
not involve major structural changes compared to the ground
state geometry. For Me,Bodipy-BQ the calculated RMSD
between the ground state and the relaxed n—n* singlet excited
state is merely 0.42 A. Hence, only small Stokes shifts are
observed both in theory and experiment. The calculated Stokes
shifts of 0.16 eV and 0.18 eV for the non-iodinated Me,Bodipy-
BQ and Me,Bodipy-AQ, respectively, and to 0.15 eV in case of
the corresponding iodinated species are in good agreement
with the experimental observations. The overestimation of the
TDDFT-predicted Stokes shifts is likely related to the slightly
altered electronic character of the excited state upon equilibra-
tion, and thus, to the approximate treatment of electron
correlation. In contrast, simulated Stokes shifts of the excited
I,Me,Bodipy-BQ and |,Me,Bodipy-AQ are slightly underesti-
mated. Likewise, we suspect this discrepancy to be mainly
related to the applied non-equilibrated solvent model. Exper-
imentally, the rather slow excited state equilibration is accom-
panied by a relaxation of the adjacent solvent shell, which is
typically taken into account computationally by employing an
equilibrium model of solvation in the frame of a polarizable
continuum model. However, as equilibration of the continuum
solvent model leads to implausible energies for the excited
states (Figure S88 and Table S9), the respective equilibration
was omitted. In consequence, the relative relaxation energies of
the iodinated bodipy species are smaller than expected.

Chem. Eur. J. 2024, 30, €202303250 (6 of 13)

Low Temperature Emission Spectroscopy and Calculation of
Gibbs Free Energy Using the Rehm Weller Method***”

To gain a deeper insight into the system, and to assess whether
electron transfer from bodipy-based excited states to the
quinone is possible, low-temperature emission spectroscopy
and electrochemical analyses were performed. Furthermore,
quantum chemical simulations on |,Me,Bodipy-BQ, Me,Bodipy-
BQ, I,Me,Bodipy-AQ, and Me,Bodipy-AQ were carried out to
obtain mechanistic insight with respect to the accessible
excited-state relaxation pathways. As shown in Figures 6 and 7,
the chromophore emission wavelength is not influenced by the
oxidation state of the electron bridge. Thus, low temperature
(77 K) emission spectra for BQ species were performed using
the BQH, species to gain higher-quality data. Compared to
room temperature emission spectra, the emission band shape
at 77 K is narrowed, and three vibrational features (at 509 nm,
545nm and ~589 nm for Me,Bodipy-BQH,/AQ, at 547 nm,
589 nm and ~640 nm for I,Me,Bodipy-BQH,/AQ) based on the
same electronic state can be observed. This vibrational shift of
ca. 1297 cm™', which can be assigned to the aromatic C—N
stretching mode. This cluster of states can be considered as one
state in thermal equilibrium.®” For iodinated bodipy dyads, a
weak triplet emission was observed also in the near infrared
region. This signal was separated into two vibrational modes
(763 nm and 795 nm) with a shift of 527 cm™' (see Figure 7).
Additionally, an anthraquinone triplet emission signal was
raised for 1,Me,Bodipy-AQ, lying between the two triplet bodipy
emissions. Low temperature emission spectra were used to
approximate the Ey, transition of the bodipy subunit, thus,
giving access to the energy of the photoexcited state. The
energetics of the non-radiative process, i.e., the electron trans-
fer from the excited donor subunit (bodipy) to the acceptor
subunit (quinone), was analyzed based on electrochemical
measurements (see Figures 6 and 7). To this end, the half-wave
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Figure 6. Emission spectra of (A) Me,Bodipy-BQH,; (B) Me,Bodipy-AQ at 77 K (black) and 298 K (red) in a solvent matrix of 2.5 vol-% CHCl; and 97.5 vol-%
ethanol:methanol (4:1, v:v): A, =470 nm. Cyclic voltammetry of (C) Me,Bodipy-BQ; (D) Me4Bodipy-AQ reductive cycle (black) and oxidative cycle (red) in dry

and degassed dichloromethane, using 0.1 M nBu,NPF as supporting electrolyte.

potential difference between the first oxidative redox process
(bodipy/bodipy*®) and the first reductive redox process
(quinone/quinone™®) was determined (E.4—E.,), to obtain the
electron transfer Gibbs energy AGg. In a first approximation,
the difference of AGg and the Ey, value are a measure of the
driving force to populate the acceptor molecule after a photo-
excitation process of the donor molecule (details of calculations
and the Gibbs energy for photoinduced electron transfer can
be found in the ESI).

This Rehm-Weller approximation shows that for the non-
iodinated bodipy, containing the quinone subunit, a negative
value in the range between AGpgonse(Me,Bodipy-BQ)=
—0.96 eV and AGperpaximum(Me;Bodipy-BQ) = —0.92 eV is calcu-
lated. This suggests that an exergonic photoinduced electron
transfer from the bodipy donor to the quinone acceptor is
possible, see scheme in Figure 8. Similar data are calculated for
the non-iodinated bodipy containing the anthraquinone sub-

unit (AGperonset(Me,Bodipy-AQ) = —0.41 eV; AGper maximum

Chem. Eur. J. 2024, 30, €202303250 (7 of 13)

(Me,Bodipy-AQ) =—0.37 eV). A reduced driving force is ex-
pected, as the anthraquinone subunit features a higher-lying
LUMO compared with the quinone species. The situation for
the iodinated dyads is more complex, as the low-temperature
spectroscopy had already indicated the population of singlet as
well as triplet excited states. First we consider the singlet
excitation, where the Rehm-Weller approximation still shows
exergonic  photoinduced  electron  transfer  (AGperonset
(I,Me,Bodipy-BQ) = —0.66 eV/AGper paximum  (1,Me,Bodipy-BQ) =
—0.61¢eV, AGpronser (,Me,Bodipy-AQ) = —0.13 eV/AGper maximum
(1,Me,Bodipy-AQ) = —0.08 eV). The iodinated species therefore
show lower driving forces compared with the non-iodinated
species, which can be explained by the bathochromic emission
shift, and thus a smaller HOMO-LUMO gap. Also, the iodinated
bodipys show a more positive oxidation potential, and thus a
lower-lying HOMO, due to the electron withdrawing effect of
the iodine. These factors also affect the energy levels of the
corresponding triplet state, where the AG'o; (= AGeg triplet
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Figure 7. Emission spectra of 4 (A) I,Me,Bodipy-BQH, and (B) I,Me,Bodipy-AQ at 77 K (black, solid: singlet, dashed: triplet) and 298 K (red) in a solvent matrix
of 2.5 vol-% CHCl; and 97.5 vol-% ethanol:methanol (4:1, v:v): A, =500 nm. Cyclic voltammetry of (C) ,Me,Bodipy-BQ; (D) ,Me,Bodipy-AQ reductive cycle
(black) and oxidative cycle (red) in dry and degassed dichloromethane, using 0.1 M nBu,;NPF¢ as supporting electrolyte.

state) values are located near 0eV for the benzoquinone-
containing dyad, while for the anthraquinone derivative,
positive AG'per values are observed (AG'eeronse(l,Me,Bodipy-
BQ) = —0.02 eV/AG et maximum (I,Me,Bodipy-BQ) =0.03 eV,
AG g1 onset(l;Me,Bodipy-AQ) = 0.51 eV/AG et paximum(l2Me,Bodipy-
AQ)=0.56 eV). This indicates that there is no driving force for
photoinduced electron transfer from the triplet excited states,
as the donor triplet LUMO energy level is lower than the
acceptor LUMO energy level.

Quantum chemical calculations at the TDDFT level of theory
were carried out to address the energy levels of the key
electronic states, e.g., of the lowest energy n—n* state of the
bodipy dyes as well as of the lowest energy CS state (bodipy—
quinone) within the singlet and the triplet manifold. The driving
force for the photoredox process of interest (AGpy) was
obtained based on the bodipy-centered n—n* state within its
fully relaxed equilibrium and the relaxed CS state; see

Chem. Eur. J. 2024, 30, 202303250 (8 of 13)

supporting information for details. Thereby, a driving force of
—1.13 eV was obtained for Me,Bodipy-BQ within the singlet
manifold. In the case of I,Me,Bodipy-BQ a slightly smaller
driving force of —0.81 eV is calculated (Table S3 and Figur-
es 586/587). These values correspond very well to the respective
experimental values of —0.96 and —0.66 eV, respectively. The
smaller driving force of the iodinated species is mainly caused
by an energetically lowered singlet n—n* excited state (m—'n*),
while the energy of the singlet charge separated state ('CSS) is
almost unchanged for the iodinated and non-iodinated species.
In the anthraquinone bodipy species compared to the
benzoquinone bodipy species the n—'n* state is almost not
changed in energy. However, 'CSS is increased in energy by
about 0.7 eV depending on the respective geometry.

Hence, in case of Me,Bodipy-AQ and I,Me,Bodipy-AQ much
smaller AGpe; values of —0.43 eV and —0.11 eV were predicted,
respectively. For 1,Me,Bodipy-BQ, the triplet charge separated

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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intersystem crossing into the triplet =—n* state. If the 'Bodipy* underwent an intersystem crossing to the triplet =—n* state, the path of the SET is no longer

available due to the higher energy of the triplet charge separated state.

state (3CSS) is degenerate to the respective 'CSS. This is a
consequence of the large spatial distance between the unpaired
electrons, i.e., leading to an exchange integral of ~0. However,
in case of the locally excited n—n* state of the chromophore
unit, the n—>n* is lower than the n—'n* by 1.21eV in the
Franck-Condon region. Here, the n—>n* is 0.66 eV lower than
the 3CSS. This trend of reversed order in energy for the triplet
state is seen in all optimized geometries within ,Me,Bodipy-BQ.
Hence, the driving force for the electron transfer from the n—nr*
to the CS state is positive for the triplet states. For I,Me,Bodipy-
AQ, 'CSS is degenerate to the respective triplet state. n—>n* is
lower in energy by 1.27 eV compared to respective singlet state
in the Frank-Condon region. Similar to |,Me,Bodipy-BQ, the
n—>n* states in all optimized geometries are lower in energy
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than the respective 3CSS, therefore, the driving force for
electron transfer from n—>n* to >CSS is positive for I,Me,Bodipy-
AQ as well (see Figure S87).

From an experimental point of view, the singlet emission
spectra show a drop in intensity going from the reduced
hydroquinone subunit to the oxidized benzoquinone contain-
ing dyad (see Figure 5), indicating the access to a non-emissive
deactivation process, possibly taking place via an electron
transfer from the excited donor molecule (Me,Bodipy/
,Me,Bodipy) to the acceptor molecule (benzoquinone). In
synergy, Gibbs free energy calculations based on the Rehm-
Weller approximation and the quantum chemical simulations
on the involved photoredox intermediates, suggest that this
process is exergonic for singlet excited donor molecules
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(Me,Bodipy/l,Me,Bodipy) but endergonic for triplet excited
donor molecules (,Me,Bodipy)."? These findings can be
summarized as shown in Figure 8B where electron transfer via a
singlet excited state is proposed. Figure 8A shows the scheme
for the electron transfer via a singlet excitation followed by an
inter-system crossing (ISC) into a triplet excited state without an
electron transfer to the acceptor molecule.

Characterization of the Photoinduced Ultrafast Reactivity

In order to decipher the photoinduced ultrafast reactivity in the
donor-acceptor dyads, femtosecond transient absorption spec-
troscopy was complemented by UV-vis spectro-electrochemis-
try. Transient absorption spectra of the donor-acceptor dyads
Me,Bodipy-BQ, I,Me,Bodipy-BQ, Me,Bodipy-AQ and
I,Me,Bodipy-AQ were recorded upon excitation at 500 nm, i.e.,
within the bodipy-centered n—'n* absorption.">* UV-Vis
spectro-electrochemical measurements form the basis for
simulating the spectral signatures of the intramolecular charge
transfer states,”>*¥ which is formed upon reduction of the
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quinone part and simultaneous oxidation of the bodipy unit
(shown as dotted lines in the Figure 9).

The transient absorption spectra of the dyads Me,Bodipy-
BQ, I,Me,Bodipy-BQ, Me,Bodipy-AQ and |,Me,Bodipy-AQ at
various time delays after excitation consistently show an excited
state absorption (ESA) at 350 nm, which is attributed to the
n—m*-singlet state of the bodipy dye (Figure 9).*” Based on
literature, the ESA band at 450 nm as well as the broad ESA
between 550 and 700 nm observed for the iodinated dyads are
assigned to the bodipy triplet state.”* The spectrally broad
ground state bleach (GSB) between 460 and 620 nm at short
delay times is consistent with the depletion of the bodipy
ground state and is superimposed by a red shifted stimulated
emission (SE). For Me,Bodipy-AQ a GSB at around 400 nm is
observed, which spectrally evolves to a band centered at
420 nm within 100 ps before it decays on a 1000 ps time scale.
The 420 nm band correlates to the spectral signature of the
reduced anthraquinone ligand and is therefore attributed to
the light-induced formation of a CSS of unspecified multiplicity.
According to UV-Vis spectro-electrochemical data, a positive
differential absorption feature between 550 and 650 nm should
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Figure 9. Femtosecond transient absorption spectra of (A) Me,Bodipy-BQ, (B) Me,Bodipy-AQ, (C) I,Me,Bodipy-BQ, (D) I,Me,Bodipy-AQ at certain delay times
collected upon pumping at 500 nm in aerated MeCN. For comparison spectra obtained from UV-Vis spectro-electrochemical experiments (dotted lines) and
the inverted and scaled steady state and emission spectrum were added (subsets). Insets: kinetic traces at specific wavelength (dots) and their fit traces (black
lines), GSB traces for A (515 nm), B and D (535 nm) were divided by a factor of 5 and C (535 nm) by 10 for visibility.
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be associated with the CSS. This signature has only low intensity
in the TA spectra, as it spectrally overlaps with GSB and SE. For
I,Me,Bodipy-AQ and I,Me,Bodipy-BQ the formation of a long-
lived triplet state is observed at 430 nm,"*”’ which spectrally
overlaps with the absorption of the simulated CSS at 450 nm
(Figure 9).

Transient absorption spectra were fitted using the software
package KiMoPack.”® We applied either a three-component
model (Me,Bodipy-AQ, Me,Bodipy-BQ) or a four-component
model (,Me,Bodipy-AQ, |,Me,Bodipy-BQ). Decay associated
spectra (DAS, supporting information S89) reflect upon different
kinetic processes, which were assigned by correlating the
spectral features associated with the decay processes to
simulated CSS spectra from UV-Vis spectroelectrochemistry. This
procedure considers characteristic spectral features of different
molecular species involved in the excited-state relaxation, e.qg.,
bodipy-n—>n* or the ESA of reduced quinones at 440-450 nm
and above 500 nm. %7

We will start the discussion with Me,Bodipy-BQ, in which
optical excitation populates a bodipy-centered n—m*-transition
(see Fig. S89A, S90A). Optical excitation of the bodipy fragment
is followed by a fast process with a characteristic time constant
of 1,=3.5ps, which we assign to an intramolecular charge
transfer (CT). This fast process populates a CSS, as inferred from
the similarities of the DAS features and the inverted simulated
CSS spectrum, e.g., a negative feature at 400 nm and a positive
feature of the GSB. This initially populated charge separated
state is referred to as CSS, and decays with a time constant of
1,=5.8 ps. DAS(t,) reflects the decay of the characteristic
simulated CSS absorption at 400 nm and a decay of the GSB,
which accounts for most of the decay to the ground state. A
long-lived minor kinetic component associated with t3>2 ns
(“infinite”) features spectral characteristics of a CSS decay as
seen by positive absorption bands at 350 and 425 nm, which
are also present in the simulated CSS and is thus far labelled as
CSS,.

Introduction of the iodine in I,Me,Bodipy-BQ (see Fig. S89C,
S90C) modifies the excited-state relaxation process and two
different decay channels are observed. In the first decay
channel, a fast CT to a CSS (bodipy*-BQ") with a time constant
of 1,=1.8 ps occurs. The DAS of the respective component
shows a positive spectral feature at 350 nm pointing to the
depletion of the bodipy m—'n* state and negative features
beyond 400 nm indicating the build-up of the CSS features at
440 nm. The increase in the differential absorption signal at
550 nm is likely associated with a broader excited-state
absorption overriding the ground state bleach signal. Similar
fast oxidative quenching of a photoexcited bodipy fragment
has been reported in literature for bodipy-C4-donor/acceptor-
dyads, in which intramolecular CT was reported to take place
on a sub-1-ps timescale.®” We hypothesize that the resultant
CSS relaxes by a spin-orbit coupled charge transfer (SOC-CT)
into a bodipy-centered n—>r* state with a time constant of 1,=
14.6 ps. DAS(t,) reflects the decay of the spectral features
associated with the simulated CSS, i.e, a positive signal at
430 nm, while the negative signal above 500 nm can be
understood as the build-up of a bodipy-centered triplet

Chem. Eur. J. 2024, 30, €202303250 (11 of 13)

state.”***) Triplet state transitions are only possible for
iodinated species according to calculations (see above). We
assign the time constant of ;=49 ps to vibrational relaxation
followed by a CT to the CSS from the excited state S, in the
second decay channel. A depletion of the excited bodipy* at
350 nm, a gain of simulated CSS signal at 440 nm and a loss of
SE at 550 nm indicates this process starts from the relaxed
n—'n* and leads to a CSS. Finally, the ground state is
repopulated on a time scale greater than 2 ns, which represents
the limit of experimentally accessible delay times. Conse-
quently, the infinite component (t,>2ns) includes spectral
features of both n—>n*-bodipy species®*’~% and the CSS, both
having ESA at 440-450 nm and above 500 nm as discussed
earlier, and is therefore assigned to a decay of those two states
back to the ground state.These long living bodipy triplet states
are supported by literature."’*>*"-)

Me,Bodipy-AQ (Figure S89B, S90B) forms a CSS within 1, =
1.1 ps after optical excitation from the Franck-Condon region.
This fast component is spectrally identical to the fastest
component of I,Me,Bodipy-BQ (see previous paragraph). There-
fore, we assign it to a similar CT process. However, also the
process associated with the characteristic decay time t,=29 ps
shows spectral features associated with the formation of a CSS,
i.e., a rise at 430 nm and an increase of the n—'n* bleach at
500 nm. We thus associate 1, with intramolecular CT from the
thermally relaxed bodipy excited state. Finally, in Me,Bodipy-AQ
the CSS decays with a time constant of 635 ps back to the
ground state, as supported by depletion of the CSS signal at
440 nm and depletion of the n—'n* bleach at 500 nm.

Comparing 1,Me,Bodipy-AQ (Figure S89D, S90 D) with
Me,Bodipy-AQ (see previous paragraph) two spectrally similar
fast decay components for I,Me,Bodipy-AQ with lifetimes of
1,=1.2 ps and 1,=28 ps are observed, which corresponds to a
direct CT to the CSS within 1.2 ps or after vibrational cooling,
i.e., from the vibrationally relaxed bodipy* state, within 28 ps.
Comparison with UV-Vis-SEC data supports this assignment. i.e.,
the formation of a CSS directly from the hot excited n—'m*
within 1.2 ps. The third component with 1;=219 ps features
depletion of n—'n* at 350 nm and depletion of SE at 550 nm,
meaning the process is starting out of the vibrational relaxed
n—'n*, and buildup of a signal at 450 nm typical for bodipy-
n—>1* states.*””’~*% Therefore this process is assigned to ISC to
a bodipy triplet state. Analogous to |,Me,Bodipy-BQ the long-
lived component (t;>2ns) is assigned to the decay of the
bodipy-n—>n* and the CSS.

Figure S90 shows Jablonski diagrams reflecting the excited-
state relaxation pathways discussed before. As known from
literature CLICK-type triazoles can obstruct charge transfer
between donor and acceptor moieties in dyad systems.®
However, our results clearly show that fast forward charge
transfer from the bodipy donor to the quinone acceptor via the
triazole linker is possible.
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Conclusions

In summary, we could present a synthetic approach to a series
of bodipy-quinone dyads for light-induced charge separation.
Experimental steady-state emission spectroscopy shows tre-
mendous losses in emission intensity for the bodipy dye going
from hydroquinone- to the benzoquinone-dyad indicating a
charge transfer, which was confirmed by femtosecond transient
absorption spectroscopy, spectro-electrochemical measure-
ments, and quantum chemical simulations. Electrochemical
measurements, combined with low-temperature steady-state
emission spectroscopy gave access to Gibbs free energy of the
photoinduced electron transfer. Quantum chemical calculations
have been carried out to further elucidate the Franck-Condon
photophysics as well as the emission and excited state electron
transfer channels for the given set of molecular dyads. Thus, we
could show, that a bodipy n—n* excitation (with and without
iodine substitution) leads to a charge separated state via
electron transfer from the bodipy donor to a quinone acceptor.
In addition, these simulations revealed that for the iodine-
substituted bodipy dyes, the populated triplet states do not
promote such an electron transfer, due to the unfavorable
driving force (AGpg>0). However, population of the charge-
separated state is possible in the singlet manifold (prior to ISC).
In a synergic fashion, this finding is based on quantum chemical
calculations, the experimental determination of Gibbs free
energy for the photoinduced electron transfer as well as on
femtosecond transient absorption spectroscopy. With the help
of femtosecond transient absorption spectroscopy, we could
additionally provide first mechanistic insights on the population
of charge separated states as well as the dynamics between
singlet and triplet excited states within a long timeframe.
Results gained from these measurements also showed, that a
charge separated state is unlikely to be populated by a triplet
excited state. We could also show, that a fast forward electron
transfer in systems featuring a triazole linker is possible, even if
described unfavored by literature.’ Thus, future works can still
utilize CLICK-chemistry based dyads for forward electron trans-
fer.

Experimental Section

Full analytical, spectroscopic, theoretical, and crystallographic de-
tails are given in the Supporting Information.
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