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Spin-selective charge-transfer pathways in helicene-based dyads are relevant to applications ranging from energy

conversion to quantum information science. Here, we report a series of molecular systems comprising a thiahelicene donor

and a perylenediimide (PDI) acceptor connected by oligophenyl bridges of varying length. The influence of donor—acceptor

distance and relative orientation on the photophysical and spin-selective properties is investigated using a combined

approach based on DFT calculations, transient absorption, and time-resolved electron paramagnetic resonance

spectroscopies. Particular attention is given to the role of the bridge in tuning exchange coupling within charge-transfer

states and its impact on spin-selective recombination pathways to the PDI triplet state. Efficient formation of long-lived PDI

triplets is observed and shown to sensitize singlet oxygen generation with high efficiencies. These results establish structure-

property relationships governing spin-selective processes in helicene-based dyads.

Introduction

The investigation of spin-dependent pathways in donor—
acceptor (D-A) molecules and materials has attracted increasing
attention due to their relevance in a broad range of
applications, including organic photovoltaics (OPVs),*™>
photochemical processes.®” and chiral-induced spin selectivity
(CISS)—based technologies.®~13 Within this framework, helicenes
emerge as particularly attractive molecular building blocks.4-22
Their intrinsic chirality, combined with strong rt-conjugation and
highly tunable electronic properties, makes them important
platforms for applications spanning chiroptical materials to
spin-dependent charge transport.232® Among helicene
derivatives, dithia-aza[4]helicenes (TAHEL) constitute a
configurationally stable class of hetero[4]helicenes, owing to
the presence of four long carbon-sulfur bonds.?’22  These
compounds are further distinguished by their ease of oxidation,
which renders them excellent electron donors in donor—
acceptor systems. Their radical cations can be readily generated
via reversible oxidation with silver hexafluoroantimonate.1®

The use of well-defined molecular architectures, in which the
helicene donor is spatially separated from the acceptor through
a precisely controlled molecular bridge, enables a systematic
investigation of the key parameters governing charge-transfer
processes and their associated spin selectivity.3%3! Extensive
studies have highlighted the critical role of the bridge in
mediating the photoinduced electron transfer and charge
recombination pathways.3>73> In the context of emerging
applications of D-A dyads in quantum information science,
where the spin interactions must be precisely controlled, the
use of rigid bridges is essential. In this regard, ethynylbenzene
offers an optimal combination of conformational rigidity and
efficient electronic communication between donor and
acceptor moieties.
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In our previous work, we investigated spin-correlated radical
pairs (SCRPs) in dyads composed of a TAHEL donor and a
perylenediimide (PDI) acceptor, connected by three
ethynylbenzene units, forming a rigid, conjugated molecular
wire.36 Here, we extend this approach to a series of dyads
featuring identical donor-acceptor units linked by
systematically shortened ethynylbenzene bridges. The new
donor-acceptor dyads have been studied using transient
absorption (TA) and time-resolved electron paramagnetic
resonance (TREPR) spectroscopies. The multi-step charge
transfer (CT) process has been rationalized by ab initio
calculations. Engineering the bridge enables precise control
over both charge separation and charge recombination
processes. In the shorter-bridge regime, the CT state lifetime
becomes too short to be detected by TREPR spectroscopy,
thereby shifting the focus toward triplet excited states and the
mechanism of their formation. Spin-orbit charge-transfer
intersystem crossing (SOCT-ISC) in electron donor-acceptor
dyads is a promising approach to produce triplet states without
the need for heavy atoms to increase spin-orbit coupling. The
formation and fate of triplet excited states are central to
optoelectronic applications and photochemistry, including
processes such as singlet-oxygen sensitization in photodynamic
therapy (PDT), and all investigate dyads exhibit significant 10,
generation efficiency.

Experimental Section

Synthesis. All chemicals were obtained from commercial suppliers
and used as received without further purification. Pd(PPhs3)Cl,,
Pd(PPhs3)s, and triflic anhydride were stored under nitrogen;
triethylamine (TEA) and pyridine were freshly distilled over KOH
before use. The acceptor unit was synthesized according to
previously reported procedures.3” The target donor—acceptor dyads
were then obtained by reacting the acceptor unit with the donor—
bridge intermediates. The two enantiomers of each donor-acceptor
dyads were obtained by resolution through chiral HPLC
(semipreparative CHIRALPACK® |G chiral stationary phase).

UV-VIS absorption and circular dichroism. UV-Vis absorption
measurements were performed in toluene using a V-670 Jasco
Spectrophotometer. Circular dichroism spectra were recorded in
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DCM (HPLC grade) at a concentration of 2.4x10° M using the J-1500
circular dichroism spectrophotometer.

Cyclic Voltammetry. Electrochemical measurements were
performed on a CH Instrument Model 622 electrochemical working
station. Measurements were done in dichloromethane purged with
argon, wusing a 0.1 M solution of n-butylammonium
hexafluorophosphate (TBAPFg), as supporting electrolyte, at a
potential scan rate 100 mV s. Potentials are referenced to the
ferrocene/ferrocinium, Fc/Fc* redox couple. The counter electrode is
a platinum wire, the working electrode is a 1.0 mm diameter glassy
carbon electrode, and the reference electrode is a silver wire.

DFT calculations. Density functional (DFT) electronic structure
calculations were carried out using the long-range corrected CAM-
B3LYP38 functional in conjunction with a polarizable continuum
model to include environmental effects of the toluene solvent. A
state-specific approach was applied to describe the ground and
excited states, employing the spin-flip formulation of time-
dependent DFT 3940 to treat the locally excited *PDI state and the
ASCF approach to treat the CT states, as implemented in the ORCA
package.*>4! The ASCF results were further used to simulate the CT
state exchange coupling. All electronic structure calculations were
based on structural models of the dyads replacing the PDI-based N-
alkyl moiety with a N-CH3 group to reduce the computational
complexity. Further methodological details are presented in Section
S2.

TA spectroscopy. Femtosecond and nanosecond transient
absorption (ns/fsTA) measurements were performed in toluene at
room temperature using a commercial Ti:sapphire laser system
(Tsunami oscillator/Spitfire amplifier, Spectra-Physics), as described
previously.*>*3 Pump pulses at 530 nm were generated with a
collinear optical parametric amplifier (TOPAS-Prime, Light
Conversion, LLC) and attenuated to < 1 w/pulse. To suppress
polarization-dependent dynamics, the pump pulses were
depolarized using a DPU-25-A (Thorlabs Inc.) depolarizer. Samples
(optical density 0.4-0.6 at 530 nm in a 2 mm cuvette) were degassed
by repeated freeze-pump-thaw cycles to remove dissolved oxygen.
TA spectra were corrected for group delay dispersion and scattered
light using Surface Xplorer (Ultrafast Systems, LLC) prior to kinetic
analysis. Global kinetic analysis was then performed to extract
evolution-associated spectra and kinetic parameters, following
procedures described previously.**

TREPR spectroscopy. X-band TREPR measurements were performed
on a Bruker Elexsys E580 spectrometer equipped with a split-ring
resonator (Bruker ER4118X-MS3). Sample temperature was

2| J. Name., 2012, 00, 1-3

controlled using an Oxford Instruments CF935 coptinupuszflow
cryostat cooled with liquid nitrogen and andTdbQ3Sstedperatore
controller. The sample was photoexcited at 530 nm using 7 ns pulses
from an optical parametric oscillator (Spectra-Physics BasiScan)
pumped by the 355 nm output of a frequency-tripled Nd:YAG laser
(Spectra-Physics Quanta-Ray Lab-150-10H) operating at 10 Hz. The
laser light was delivered into the resonator via an optical fiber and
collimator positioned outside the cryostat window, providing
approximately 1 mJ per pulse with a beam diameter (FWHM) of ~5
mm. Following photoexcitation, transient magnetization time traces
were recorded as a function of magnetic field using direct diode
detection under continuous microwave irradiation (~0.2 mW). Data
processing involved subtracting the background signal prior to the
laser pulse for each kinetic trace (at a given magnetic field), followed
by subtraction of the off-resonance signal for each spectrum (at any
given time). Samples for TREPR measurements were dissolved in
toluene (optical density ~1 at 530 nm) and sealed under vacuum
after three freeze-pump-thaw cycles.

Singlet oxygen experiments. The experiments were carried out by
comparison of the near-infrared photoluminescence (PL) intensity of
singlet oxygen sensitized by dyads 1, 1ph, 2, and 3, PDI, and ZnTPP
(used as a reference standard) in toluene (optical density ~1 for all
samples), with a spectrofluorometer HORIBA Fluoromax Plus. PDI-
based dyads were excited at 530 nm, whereas ZnTPP was excited at
550 nm.

Results and discussion
Synthesis, and UV-Vis absorption.

The D-A systems investigated, along with their general synthetic
route, are presented in Scheme 1. Detailed procedures for their
synthesis and full characterization are provided in the Supporting
Information (SI). The bridging unit in 1 was 4-ethynyl aniline. For 2
and 3 the bridging units were prepared following the procedure
reported in our previous work,3® via a multistep process starting with
the reaction of 4-iodophenol with trimethylsilylacetylene. In the case
of 1ph, the bridge unit was obtained through the reaction between
4’-((trimethylsilyl)ethynyl)-[1,1’-biphenyl]-4-amine and
trimethylsilylacetylene. The donor-bridge intermediates were
prepared by Sonogashira-Hagihara cross-coupling reaction (Scheme
1, a), in the presence of palladium acetate and triphenylphosphine.
The reaction between the donor-bridge units and perylene
monoimide leads to the formation of the final donor-acceptor dyads
(Scheme 1, b).

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1. (a) Synthesis of the donor-bridge units. (b) Synthesis of the final donor-acceptor dyads.
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Figure 1. Normalized UV-VIS absorption spectra recorded in
toluene at room temperature.

The ultraviolet-visible (UV-Vis) spectra of dyads 1, 1ph, 2, and 3
have differing absorption maxima at wavelengths < 400 nm
(Figure 1). The spectra are dominated by the PDI absorption
bands at 527, 491, and 459 nm. The donor absorption region
exhibits a red shift and increased intensity as the bridge length
increases, likely due to enhanced conjugation between the
donor and the bridge. More specifically, the donor absorption
maximum is observed at 306 nm for 1, 317 nm for 1ph, 329 nm
for 2, and 344 nm for 3.

Enantiomers of all dyads were separated by chiral chromatography
and the enantiomeric excess determined from their chromatograms
(Fig. S8-S15). The circular dichroism (CD) spectra were recorded in
dichloromethane (HPLC grade) for all enantiomers and are shown in
Fig. S16. The final donor—acceptor dyads are inherently chiral due to
the presence of the chiral donor unit. Electronic communication
between donor and acceptor is sufficient to enable electron transfer

This journal is © The Royal Society of Chemistry 20xx

upon photoexcitation of the acceptor; however, it is not strong
enough to induce chirality transfer to the acceptor. Accordingly, for
all dyads no significant values for the dissymmetry factor are
extracted from the CD spectral region dominated by the absorption
of the PDI unit.*>

Electrochemical studies.

To evaluate the Gibbs free energy changes associated with
electron transfer and to determine the energy of the CT states
in the D-A dyads, electrochemical measurements were carried
out in CH,Cl, (Figure 2). For all dyads there are two reversible
reduction waves, which can be attributed to the PDI moiety,
along with one reversible oxidation wave, assigned to the
helicene moiety (Table 1). The single-electron oxidation
corresponds to the removal of an electron from the donor-
HOMO. The first of the two reduction processes consists of the
addition of an electron into the acceptor LUMO, while the
second reduction wave leads to the doubly reduced closed shell
PDI? fragment, as suggested by the DFT calculations below.
Notably, neither the oxidation potentials of the helicene donor
nor the reduction potentials of the PDI acceptor are influenced
by the nature of the bridge, as they remain essentially identical
across all D-A dyads.

We used the Weller equation to estimate the free energy
change, with respect to the ground state energy (AG;p),
associated with electron transfer from the donor to the
acceptor to form the radical ion pair. To account for the
different dielectric constants of dichloromethane (used for the
electrochemical measurements) and toluene (used for the
transient absorption experiments), Equation 1 was applied:*®

ey’ 2( 1 1 )(1 1 )
AGp=(Eox-Erea)- TpaEs +| €o 27p + 274/ \&s - Eop

Egn. 1

where E,, and E,.4 are the oxidation and reduction potentials
of the donor and acceptor, respectively, measured in the

J. Name., 2013, 00, 1-3 | 3
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solvent used for the electrochemical experiments; egp and &5
are the static dielectric constants of dichloromethane and
toluene, respectively;4” ey? is 14.4 eV-A; rp, is the center-to-
center separation of the CT state; and rp and r4 are the ionic
radii of donor and acceptor, both calculated from the structures
given by DFT calculations (see Table S1). The calculated values
of AG;p (Table 1) show a clear dependence on bridge length,
increasing progressively from the shortest to the longest dyad.
This trend is consistent with the reduced Coulombic
stabilization of the CT state at larger donor-acceptor
separations.

We have also calculated the Gibbs free energy change for the
electron transfer process with respect to the PDI singlet excited
state (AGgr). The energy of the singlet excited state, ca. 2.33
eV, was determined as the cross point between the absorption
and emission spectra of the molecules (see Figure S17). The
value is in good agreement with the energy of the PDI excited
singlet state previously reported,*® and provides a negative (A
Ggr) for all dyads (see Table 1).
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Figure 2. Cyclic voltammograms of (a) dyad 1, (b) 1ph, (c) 2, (d)
3. Measurements were performed in dichloromethane purged
with argon, using a 0.1 M solution of n-butylammonium
hexafluorophosphate (TBAPFs), as supporting electrolyte, at a
potential scan rate 100 mV s~1. Potentials are referenced to the
ferrocene/ferrocinium, Fc/Fc* redox couple.

Table 1. Electrochemical redox potentials of the compounds.

Eox Ered1 Ered2 AGp (V) | AGer (eV)
(V) (V) (V)
1 0.84 -0.60 -0.80 2.01 -0.32
1Ph 0.84 -0.60 -0.82 2.08 -0.25
2 0.83 -0.59 -0.79 2.10 -0.22
3 0.83 -0.59 -0.78 2.15 -0.18
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DFT calculations: Molecular structures and energy levels.

DFT electronic structure calculations were employed to gain
further insight into the photophysical and electrochemical
properties as well as the CT dynamics (see section S3 of Sl for
methodological details). As shown in Figure 3b, the closed-shell
ground state exhibits a pair of m-orbitals as HOMO and LUMO,
which are strongly localized on the opposite TAHEL and PDI
moieties of the dyad, respectively. Crucially, the conjugation of
the m-system is broken at the PDI-bridge interface, partitioning
the dyad into largely electronically isolated PDI and
TAHEL/bridge fragments. Within this picture, the HOMO-LUMO
transition represents the lowest-lying CT state. In contrast, the
lowest-lying locally excited PDI and TAHEL states are well
described by promoting an electron from the PDI HOMO orbital
to the LUMO and by promoting an electron from the
TAHEL/bridge-based HOMO orbital to the TAHEL/bridge-based
LUMO, respectively. Furthermore, the single-electron oxidation
and reduction processes are represented by the removal of an
electron from the TAHEL-based HOMO and by the addition of
an electron into the PDI-based LUMO, respectively. Based on
the energetics of the frontier orbitals (see Figure S20), we
conclude that the second reduction consistently yields the
doubly reduced closed shell PDI? fragment. We demonstrated
this explicitly employing ab initio calculation of the singly and
doubly reduced dyad 1 and isolated PDI species (see Section S3
of Sl). The LUMO remains fully localized on the PDI unit
throughout the series, indicating that the reduction process is
PDI-centered.

Table 2. Computed Gibbs free energies, exchange coupling
constant J (in the JSp - S4 convention) and magnitude of the
dipole moment in the CT; and CT; states as well as D-A distance
rpa determined as the distance between the TAHEL nitrogen
and the geometrical center of the PDI system.

AGp Jer Jera [ulen [Klcr
(ev) (cmY) (cm) (Ae) (Ae)
1 1.82 +0.045 -8.5 15.55 12.39
1ph 1.91 -0.0012 -3.6 19.82 15.31
2 1.94 -0.0012 -5.4 22.31 15.83
3 2.03 -0.00058 -4.6 29.08 16.63

As shown in Figure 3b, after photo-excitation, electron transfer
from the 1*PDI state is likely initiated via the partially charge-
separated CT; state owing to its favorable energetic alignment
and then proceeds to the fully charge-separated CT; state. The
donor magnetic orbital in CT; exhibits a higher degree of
localization on the TAHEL fragment (see Figure 3a, and Figure
S20), thus leading to a larger magnitude of the dipole moment
u, and weaker exchange coupling J (see Table 2). Here, the
exchange interaction between the two photogenerated radical
centers Sp and Sa is described by the isotropic spin Hamiltonian
H.,=]Sp - S4. Among the dyads studied, the dipole moment
increases (1 < 1ph < 2 < 3), while the magnitude of the exchange
coupling constant decreases (1 > 1ph = 2 > 3), which is
consistent with D-A separation and degree of m-conjugation of

This journal is © The Royal Society of Chemistry 20xx
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the bridge. A similar reduction of Jas in 1 - 2 is observed for
1 - 1ph, suggesting that electronic nt-system disruption by the
additional torsion between the two phenyl rings is equivalent to
spatial bridge elongation. In case of the CT, states, stronger
interactions are obtained with a less pronounced variation
along the series because the magnetic orbital localized on the
helicene moiety extends evenly over the full length of the m-
system of the bridge.

Two further notable trends are observed regarding the excited
states across the series of dyads: (i) The vertical excitation and
Gibbs free energy of the fully charge-separated state CT;
increases with increasing bridge length, while (ii) the excitation
energy of the higher lying states CT, (n>1) decreases. In line with

Journal ofsMaterials: Chemistry|C

the results obtained from the Weller equation, thﬁex@%[@l@%ﬁn@
direct result of Coulomb’s law (attenuatedo byztbeTsolvent
polarization) in conjunction with strong localization of the
electron (and hole) on A (and D), i.e. the electrostatic energy is
inversely proportional to the separation of the charge governed
by the D-A distance. The latter observation again reflects the
growing size of the extended m-system of the bridge, leading to
an increasing stabilization of the CT, (n>1) excitation, which
features significant electron delocalization onto the bridge.

An alternative set of DFT calculations employing the
methodology from ref. 3%, which recovers all qualitative results
discussed here, is presented in section S3 of SI.

a | b

Dyad 1 Dyad 1Ph Dyad 2 Dyad 3
4 F
""""""" *PDI CT; *PDI CT, *PDI CT, *PDI cT
( HOMO 3t :
L)
,;gﬂ yretede —
&
S
> 2t
HOMO -1 g
2
, S [
Bas: i
CT, e
\ A
HOMO -2
# -
- A | PO ol

Figure 3. (a) Orbital excitations characterizing relevant excited states participating in the photophysical pathway. (b) The
corresponding DFT ground and vertically excited singlet (') and triplet (3T) state energy levels. Arrows depict the plausible pathway
of photo-excitation, (partial and full) charge-separation, intersystem crossing, and final charge recombination. These results
correspond to a computational protocol employing the spin-flip time-dependent DFT approach for the locally excited *PDI state,
while the ASCF method is used to describe the CT states. CT states are labelled by increasing energy (CT: lowest, CT; higher, etc.).

Transient Absorption Spectroscopy.

The charge transfer and recombination dynamics of the four
dyads in toluene at room temperature were measured using a
120 fs pump pulse and probing from 300 fs to 300 us over 390—
1500 nm wavelength range. Figure 4a shows the TA spectra for
1 as a representative system at key delays after the laser flash,
while data for the other dyads are included in Figures S22-S24a
of the Supporting Information. Fitted kinetic traces, evolution-
associated spectra (EAS), and model population dynamics from
global fitting are provided in Figures 4b-d (1) and $22-S24b-d
(1ph, 2, 3), with the corresponding parameters summarized in
Table S3. The TA global fitting analysis, supported by DFT-
calculated energy states, outlines the photophysical picture
shown in Figure 4e.

Upon PDI photoexcitation at 527 nm, 1 displays the
characteristic sighals of the PDI excited single state (1*PDI),49:50
including ground-state bleaching (GSB) from 400 to 550 nm,
stimulated emission (SE) centered at 580 nm, and excited-state

This journal is © The Royal Society of Chemistry 20xx

absorption (ESA) centered at ~ 700 nm. Within 8.6 ps, the SE
vanishes, and an ESA peak at 960 nm, characteristic of the PDI
radical anion (PDI**), confirms the formation of a CT state.*%50
This state is accompanied by broad NIR absorption between
1100-1500 nm, attributed to the TAHEL cation.?! From the
global fitting analysis, a subsequent transition with a rate
constant of 1.2 ns occurs. As shown in Figure 4c, the EAS for
states B and C are similar, differing only in amplitude and
kinetics. This suggests that both states correspond to a similar
electronic state - the CT state - and that the transition reflects
only minimal wavefunction rearrangement. The two EAS are
associated with the CT; and CT; states: an initial hole transfer
generates CT;, followed by hole relaxation to CT; on a ~1 ns
timescale. At later times (~9.3 ns), the signal from the relaxed
CT state decreases, leading to the emergence of a spectrum
corresponding to the low-lying excited state of PDI (3*PDI)
generated by charge recombination. This spectrum features
ESA between 400 and 600 nm, which is superimposed on the
GSB of the PDI.

J. Name., 2013, 00, 1-3 | 5
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The TA analysis on the series suggests a similar photophysical
pathway for the other dyads, with time constants listed in Table
3. For the analysis, a sequential model was employed, which
provides a well-established qualitative description of the
photophysical landscape of D-A dyads.117133651 The first
process, A->B, corresponding to hole transfer from 1*PDI to CT,
depends on the bridge length, indicating that the through-bond
electronic coupling between TAHEL and PDI decreases as their
distance increases.>? Based on PDI fluorescence lifetime (~3.7
ns),*%53 we estimate that the hole transfer quantum yields are
99.7%in 1, 99.2% in 1ph, 98.5% in 2 and 90.5% in 3. The second
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step, B = C, occurs on the order of ~1 nanosec%q/gggggmag
dyads with minimal bridge dependence). 1Gisgpastiogozit
corresponds to hole relaxation (CT, = CT1), which is only slightly
influenced by bridge length. The third step, C - D, corresponds
to the recombination of the CT state to 3"PDI. This process
generally slows down with increasing bridge length, mirroring
the trend observed for the forward charge-transfer step.
Notably, 3 deviates from this trend, showing a faster
recombination to the triplet state than 2, suggesting a change
in the dominant recombination pathway.
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Figure 4. (a) Room-temperature fs/nsTA spectra of 1 in toluene excited at 527 nm and recorded at selected delay times. (b)
Selected wavelength kinetic fits, (c) evolution-associated spectra (EAS) and (d) population dynamics obtained by globally fitting
the fs/nsTA data. The mechanism assumed to fit the datais A > B - C - D - ground state, where state A represents the singlet
excited state of PDI, B is the CT, state, C is the CT; state, and D is the excited triplet state of PDI. (e) Qualitative Jablonski diagram
illustrating hole transfer and charge recombination, with photophysical steps labelled according to EAS and model populations

based on energy levels derived from TD-DFT calculations.

Table 3. Best values obtained from the kinetic fits of the TA
spectra in Figures 4 and SI1-3.

A->B (ps) B—>C (ns) C->D (ns)
1 8.4+0.3 0.8+0.1 16.3+0.1
1Ph 29.9+0.3 1.0+0.1 99.8+0.1
2 54.1+0.3 1.1+0.1 2271
3 3505 1.6+0.3 156+ 1

To gain further insight into the distance dependence of the
charge-transfer and charge-recombination processes in the
dyads, the corresponding rate constants were plotted as a
function of the D-A separation (Figures 5a,b). For all dyads, the
charge-separation rate constants (kcr) decrease exponentially
with increasing D-A distance according to ker(r)=koexp[-B(r-ro)l,
where ko is the rate constant at the contact distance ro. A decay

6 | J. Name., 2012, 00, 1-3

constant B = 0.11 + 0.01 A~ is obtained, indicating a weak
attenuation of electronic coupling with distance. This behavior
is consistent with a superexchange-mediated hole-transfer
mechanism from "PDI to the TAHEL donor. A similar
exponential distance dependence was reported previously for
phenothiazine-bridge-PDI dyads employing p-phenylene
oligomer bridges.*® In the present case, the slightly smaller B
value reflects a more efficient electronic delocalization along
the m-conjugated bridge, likely promoted by the presence of the
triple bond between adjacent phenyl units.

Similarly, for dyads 1, 1ph, and 2, the charge-recombination
rate constants (kcg) follow an exponential decay with distance,
yielding B = 0.20 + 0.02 A" In contrast, 3 deviates from this
trend, displaying an increase in kcg with increasing bridge
length. Such behavior has been observed previously in related
systems*® and was motivated with a change in the dominant
recombination mechanism upon bridge extension. Specifically,
a crossover from superexchange-mediated recombination to a
thermally activated hopping process was proposed for phenyl-

This journal is © The Royal Society of Chemistry 20xx

Page 6 of 13


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6tc01492e

Page 7 of 13

Open Access Article. Published on 17 June 2026. Downloaded on 6/17/2026 11:56:13 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

bridged dyads. Although our calculations indicate that CT;
remains thermally inaccessible from CT; for all dyads, a clear
trend emerges in which the CT,-CT; energy gap decreases with
increasing bridge length (see the eye-guide broken line in Figure
3b). This evolution may suggest that a similar mechanism to that
proposed in ref.*® could account for the behavior observed
here.

10" a
K
—
(@]
X 1010_
B =0.11+001
10%{ 2 b
K
[1'd
(@]
107 4 @
@
£ =020+ 0.02
15 20 25 30

Toa (A)

Figure 5. (a) Semi-logarithmic plot of the charge-transfer rate
constant (kcr) as a function of the D-A distance (rpa). A linear fit
to the data points yields R2 = 0.999, B = 0.11 + 0.01 A1, and ko =
(9.7 £ 0.1) x 102 sl (b) Logarithmic plot of the charge-
recombination rate constant (kcgr) versus the D-A distance (rpa).
A linear fit to the data points (excluding dyad 3) gives R2 = 0.983,
B =0.20%0.02 A2, and ko = (3.0 + 0.1) x 10! 51, Error bars are
smaller than the symbol size and not visible in the semi-
logarithmic plot.

TREPR spectroscopy.

Overall, the TA characterization reveals a similar photophysical
pathway across all dyads, with differences primarily in bridge-
dependent kinetics. We next examine the spin-selectivity of the
charge-transfer pathways using continuous-wave time-resolved
electron paramagnetic resonance (TREPR) spectroscopy. In
contrast to TA, TREPR provides direct information on spin
interactions and spin-dependent photophysical pathways,
offering a complementary view of the bridge role in spin
dynamics. Figure 6a-d show the TREPR spectra (black lines) of
all dyads in toluene solution, recorded at 85 K after
photoexcitation at 527 nm. All spectra show a broad signal
between 290 mT and 390 mT, reminiscent of what reported for
PDI-centered triplet states.*”.>4-57 Best-fit simulations (red lines)
assuming S=1 are included, with parameters listed in Table S2.

This journal is © The Royal Society of Chemistry 20xx
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From the best-fit simulations, the zero-field splittngNv/g‘l‘g@%sz
1300 MHz and E ~ -120 MHz are obtainedpwihich3aresassigroed
to the PDI triplet excited state.>*>8 The principal axes of the ZFS
tensor are defined such that the Z-axis is perpendicular to the
molecular plane, the Y-axis lies along the N-N direction, and the
X-axis is orthogonal to both. Interestingly, direct intersystem
crossing via SO-ISC is negligible for **PDI = 3*PDI since the
fluorescence quantum yield of PDI is approximately unity.48>°
This suggests that radical pair formation plays a key role in
driving the ISC in our dyads. In this context, the electron spin
polarization (ESP) offers valuable insight.

The ESP phase pattern varies across the dyads’ spectra,
indicating different triplet generation pathways. For 1, the ESP
pattern is eaeaea, where e represents emission and a indicates
enhanced absorption. This ESP pattern is characteristic of the
spin-orbit charge-transfer (SOCT) ISC mechanism, which has
been extensively documented in the literature.>4°860-68 This
mechanism is initiated by charge transfer, leading to the
formation of the singlet radical pair }(D**-B-A"). It is observed
when the exchange interaction between the two radicals
exceeds both their electronic Zeeman energy difference and the
hyperfine interactions within each radical. From the singlet
radical pair, rapid ISC can occur through charge recombination
and generate D-B-3"A. This process can occur when the
orientations of the D and A SOMOs allow a significant change in
orbital angular momentum during recombination,
compensating for the electron spin flip. This condition is met in
the TAHEL-PDI dyads, where calculated geometries show that
the TAHEL** and PDI* SOMOs are nearly perpendicular (1-3) or
strongly tilted (38.7°, 1ph). In SOCT-ISC, the three zero-field
sublevels Ty, Ty, Tz of D-B-3"A are selectively populated. In dyad
1, the Ty level is preferentially populated, in agreement with
previous reports,>* and the six EPR transitions from low to high
field exhibit an eaeaea polarization pattern, as represented in
Figure 6e.

For 1ph and 2, best-fit spectral simulations reveal two ESP
contributions (Table S2). The first is eaeaea, attributed to the
SOCT-ISC, while the second is aeeaae, characteristic of radical
pair intersystem crossing (RP-1SC).>8>° This ISC mechanism also
involves the formation of a radical pair, but in this case, the
exchange interaction is smaller than the difference in electron
Zeeman energy and the hyperfine interaction. After charge
transfer, the initial singlet radical pair 1(D**-B-A*) undergoes
radical pair ISC (RP-ISC), driven by hyperfine coupling and the
electronic Zeeman energy difference, to produce a triplet
radical pair 3(D**-B-A").1031  The subsequent charge
recombination is spin-selective: the singlet radical pair
recombines to the singlet ground state, whereas the triplet
radical pair recombines to form 3*PDI with a distinct ESP pattern.
RP-ISC operates directly on the high-field triplet sublevels of the
radical pair, preserving spin polarization upon recombination. In
dyads 1ph and 2, recombination occurs mainly on the To
localized triplet sublevel, and the resulting ESP shows an aeeaae
pattern (Figure 6e), a clear signature of the RP-ISC mechanism
within D**-B-A"".

Dyad 3 exhibits only a single ESP contribution - the aeeaae
pattern - indicating the exclusive presence of the RP-ISC
mechanism. Interestingly, a narrower signal appears at the
center of the spectrum (Figure S25), with distinct features of a
spin-correlated radical pair (SCRP).10121331 The SCRP signal
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completely disappears in ~ 1 s, leaving only the RP-ISC triplet
spectrum. This signal has been discussed in detail in our
previous publication and is not further considered here.3¢

Both SOCT-ISC and RP-ISC depend on the relative orientation of
the orbitals involved in charge transfer and on the magnitude of
the exchange coupling in the CT; state.?®50 DFT calculations
indicate a decrease in exchange coupling between the donor
radical cation and acceptor radical anion from 1to 3. This trend
is fully reflected in the experimental TREPR observations, where
SOCT-ISC dominates in dyad 1, both mechanisms contribute in

dyads 1ph and 2, and RP-ISC dominates in 3. Even if an,accurate
DFT estimation of J is challenged by theipsmallivaiues;dfsthe
computed J for 3 approaches the difference in Zeeman energy
between D** and A radicals, estimated in ~ 3x10*% cm™ at X-
band by assuming that the thiahelicene radical has giso =2.0043,
and the donor hyperfine interaction (Aiso(N) ~ 6x10%4 cm1).36
The coexistence of both mechanisms in 1ph and 2 is not
uncommon and has been previously reported in other PDI-
based dyads.*%:%0

50CT-I5C
e +1 +1
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a ——Best it b
a a .
ud C
[ [§E)
2 |re
=
o
o
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'_
7 |c d
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i
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Figure 6. Experimental TREPR spectra (black traces) of (a) dyad 1, (b) dyad 1ph, (c) dyad 2, (d) dyad 3 in toluene at 85 K, taken at
representative times after the laser pulse (integrated time window = 100 ns). For dyad 3, the spectrum is shown at a delay of 1.5
us after the laser pulse, when the radical pair signal has decayed (see Figure S25). Simulations of the spectra (red traces) used the
parameters given in Table S2. Arrows legend: a = enhanced absorption, e = emission. (e) Schematic representation of the two PDI
triplet spin-polarization pathways observed in the dyads: SOCT-ISC, leading to selective population of the Ty sublevel, and RP-ISC,
leading to selective population of To. The arrows indicate the direction of the transition (red = enhanced absorption, blue =

emission).

Singlet oxygen experiments.

So far, our analysis has highlighted the rich spin photophysics of
these dyads and demonstrated that the coexistence of two spin-
selective mechanisms - SOCT-ISC and RP-ISC - strongly enhances
the population of the 3*PDI state, whose quantum vyield is
typically very low in conventional PDI molecules. Enhanced
triplet formation is particularly relevant because triplet states
participate in key photochemical processes, including singlet
oxygen (10,) sensitization, which underpins a wide range of
applications spanning photodynamic therapy and
photomedicine, photochemistry and green oxidation, and
water treatment technologies.”*~7>

To assess the ability of the dyads to promote singlet oxygen
generation, we performed 0, photoluminescence (PL)
measurements by monitoring its characteristic near-infrared

8 | J. Name., 2012, 00, 1-3

emission at ~1270 nm. In the photosensitization process,
photoexcitation of the D-A dyads promotes the generation of
3*PDI, which sensitizes molecular oxygen via Dexter-type
triplet—triplet energy transfer. Measurements were carried out
for the four dyads in toluene solution at room temperature
upon photoexcitation at 530 nm; the corresponding spectra are
shown in Figure 7. For comparison, the PL intensity was
benchmarked against both the PDI molecule and the ZnTPP
literature standard. As expected, all samples - except for PDI,
which shows no detectable signal due to its very low ISC
efficiency - exhibit the characteristic 10, emission centered at
1270 nm. 7678

The 10, emission intensity depends on the bridge length. Dyad
1 reaches approximately two-thirds of the ZnTPP intensity, 1ph
and 2 achieve comparable values, and 3 exhibits a reduced
intensity below that of 1. These trends can be rationalized in

This journal is © The Royal Society of Chemistry 20xx
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terms of the balance between CT formation and recombination
to the low-lying triplet state. Our results indicate that increasing
the bridge length from 1 to 1ph and 2 enhances 0, generation,
despite transient absorption measurements showing a
decrease in the overall CT efficiency. This behavior suggests that
CT recombination becomes more effective in populating the
PDI triplet state as the donor-acceptor separation increases.
When the bridge is further extended, as in 3, CT formation is
significantly suppressed, leading to reduced triplet generation
and a corresponding decrease in 10, emission, consistent with
the experimental observations.

Overall, the 10, generation efficiency of our dyads, comparable
to that of ZnTPP (® = 0.78),7° demonstrates their excellent
sensitization performance. In D-A dyads, 1O, generation is not
governed by the presence of heavy atoms, as in conventional
photosensitizers, but rather by the ability of the system to
efficiently channel photoexcitation into triplet states. In this
context, the use of light-atom organic chromophores that
support long-lived triplet states, such as PDI, represents a
particularly promising strategy and highlights the strong
potential of spin-selective charge-transfer mechanisms for
photodynamic therapy applications.

5. X1 0°°
PDI
dyad 1
— 41 ——dyad 1ph
3 dyad 2
© dyad 3
o 34 ZnTPP
o =
2 2.
Qa
k=
1 14
o
o) —— S—
1200 1250 1300 1350

Wavelength (nm)

Figure 7. Comparison of the near-infrared photoluminescence
(PL) intensity of singlet oxygen sensitized by dyads 1, 1ph, 2, and
3, PDI, and ZnTPP (used as a reference standard) in toluene
(optical density = 1 for all samples). PDI-based dyads were
excited at 530 nm, whereas ZnTPP was excited at 550 nm.

Conclusions

In this study, we report the synthesis, photophysical
characterization, and DFT analysis of a new series of donor-
acceptor dyads featuring a dithia-aza[4]helicene unit as the
electron donor and differing in the length of the
ethynylbenzene-containing bridge.

Our multitechnique investigation has enabled a comprehensive
rationalization of the mechanisms governing charge transfer
and recombination, and of their impact on the spin polarization
of the PDI acceptor triplet state, as a function of the
ethynylbenzene bridge length. Consistent with previous
observations in p-phenylene oligomer bridges,*® we identify a
clear crossover from the superexchange to the charge hopping

This journal is © The Royal Society of Chemistry 20xx

Journal ofsMaterials: Chemistry|C

regime, manifested in the non-monotonic dependengce of the
charge-recombination rate on bridge lengthl: 10.1039/D6TC01492E

The resulting spin polarization arises from the subtle interplay
between the superexchange magnetic coupling, and the g-
values and the hyperfine interactions within the D** and A~
radical pair. State-of-the-art DFT calculations have enabled us
to quantify the extremely weak superexchange couplings in the
photoexcited charge-separated states, confirming that the
conditions required for the RP-ISC mechanism are met in the
compound with the longest bridge. The computational protocol
developed here thus provides a predictive framework for the
rational design of donor—acceptor dyads with tailored spin
properties.

In parallel, we have observed a correlation in the efficiency of
singlet oxygen ('0,) generation, which also exhibits a non-
monotonic dependence on bridge length, with the highest
efficiency detected for the intermediate bridge length of 2.
Further investigations will be required to disentangle the
underlying contributions and to establish clear design principles
for optimizing D/A dyads as singlet-oxygen sensitizers. The high
singlet oxygen quantum vyields of these donor—acceptor dyads
underscore their potential as promising candidates for
photodynamic therapy, notably enabling efficient 10,
generation without incorporating heavy atoms.

Importantly, although all measurements reported here were
conducted on racemic mixtures, the new dyads investigated in
this study are chiral owing to the presence of the dithia-
aza[4]helicene donor unit. Their high racemization barriers
allowed efficient separation of the enantiomers by chiral HPLC.
This feature opens new opportunities in the field of the
chirality-induced spin selectivity (CISS) effect, as opposite
enantiomers are expected to display opposite spin selectivity.
Such behavior, however, would be observable only in systems
where the molecules are unidirectionally aligned (e.g., poled
samples). Ongoing work in our group is directed toward this
objective.

Data Availability

All data are available via the Zenodo repository or from the
corresponding authors upon request.
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