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Energy migration, charge transfer, and charge
dissociation in self-assembling nonfullerene
acceptor aggregates with zincporphyrin-
nonfullerene acceptor dyadsy

Yasunari Tamai, & *2° Midori Akiyama, & ¢ Lorenzo Vallan, © € Daiki Sasada,®
Katsuaki Suzuki,® Hironori Kaji,g*d Takumi Urakami, Hirofumi Sato, ¢
Masahiro Higashi,@*e Seiichiro Izawa, @ Motohisa Kubota,

Tomokazu Umeyama {9 and Hiroshi Imahori & *<h

The synergy between self-assembling donor—acceptor—donor type nonfullerene acceptors (TACIC-Br) and
zincporphyrin-nonfullerene acceptor linked molecules (ZnP-TACIC) provides a compelling model for
examining key multi-step processes, including energy migration, charge transfer (CT), and charge
dissociation (CD) in photosynthesis and organic photovoltaics (OPVs). Remarkably, TACIC-Br molecules
exhibited a strong tendency to aggregate, even in the good solvent CHCls. However, when the
proportion of the poor solvent (MeOH) exceeded 40% in a CHCls/MeOH mixture (v/v), these aggregates
displayed an unusually prolonged excited singlet-state lifetime, comparable to TACICs in thin films.
Solid-state NMR spectroscopy and theoretical calculations revealed that within the TACIC aggregates,
a slipped or T-shaped dimeric T—m packing arrangement is favored, positioning the thienoazacoronene
donor unit and the 11-dicyanomethylene-3-indanone acceptor unit in close proximity. This
supramolecular packing effectively suppresses both nonradiative and radiative decay processes in CHClz/
MeOH mixtures and thin films, contrasting sharply with typical self-quenching observed in conventional
dye aggregates. Time-resolved transient absorption measurements showed efficient energy migration,
CT, and CD within these composite aggregates. With an extremely long singlet excited-state diffusion
length (Lp) of 45.6 nm, facilitated by the prolonged excited singlet-state lifetime, TACICs are well-suited
for efficient energy migration. Notably, after quantitative CT at the ZnP-TACIC molecule, 35% of the CT
states in the aggregates dissociated to form free ion pairs. This integrated supramolecular approach
adeptly emulates both light-harvesting and CT and CD processes in photosynthesis and OPVs, thereby

offering potential applications in solar energy conversion.

functions of the assemblies formed through interactions
between two or more complex chemical species." The over-

Supramolecular chemistry investigates intermolecular bonds
such as hydrogen bonding, - interactions, and electrostatic
forces. This field focuses on understanding the structures and
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arching goal is to develop molecular and supramolecular
devices, which are integrated chemical systems with organized
structures and specialized functions built upon supramolecular
architectures.>™ However, constructing supramolecular
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systems with enhanced, multifaceted functionality poses
a challenge due to the inherent weakness and complexity of
these interactions. When self-assembling units are deliberately
introduced into molecules, they may promote organization, yet
this often compromises the intended functions due to inter-
ference from the rather bulky self-assembling units. Therefore,
the ideal approach involves embedding self-assembling units
directly into molecular frameworks without hindering func-
tional properties.

A compelling area within supramolecular chemistry is light
energy conversion."”? Photosynthesis serves as inspiration,
where sunlight is captured by precisely arranged chromophores
in light-harvesting complexes. The collected energy is directed
to reaction centers for charge separation (CS), transforming
light into chemical energy. Mimicking this natural multi-step
processes, supramolecular strategies have been employed to
integrate energy transduction and CS in both solutions and
electrodes.”*” These methods have demonstrated potential for
efficiently converting light energy into chemical energy in solar
fuels generation and electricity in organic photovoltaics (OPVs).

Nonfullerene acceptors (NFAs) have gathered considerable attention
due to their high lightharvesting properties in the visible and near-
infrared region, facile HOMO-LUMO level tuning, and self charge
transfer (CT) and charge dissociation (CD) at interfaces of OPVs,
improving power conversion efficiencies (PCEs) of up to 20%.%*
Recently, we introduced a new class of NFAs, termed TACIC (X = H in
Fig. 1), specifically designed for OPVs.** The OPV device with PBDB-T
donor polymer and TACIC showed a PCE of 9.92%, which was compa-
rable to a PCE (9.71%) of the OPV device with PBDB-T and the repre-
sentative NFA, ITIC (vide infra)."* Given the self-assembling characteristics
of thienoazacoronene through - interactions,**® we hypothesized that
integrating this moiety into the donor moiety of acceptor-donor-acceptor
(A-D-A) type NFAs would strengthen intermolecular interactions,

CeHi3

TACIC (X=H), TACIC-Br (X=Br)

ZnP-ref

Fig. 1 Molecular structures of ZnP-TACIC, ZnP-ref, TACIC (X = H),
and TACIC-Br (X = Br).
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positively impacting photodynamics. Indeed, TACIC stands apart from
conventional NFAs including ITIC, exhibiting an extended excited singlet-
state lifetime in thin films (r = 1.3-2.3 ns) compared to chloroform
solution (<0.22 ns). This distinct behavior stems from its intrinsic self
assembly, which effectively reduces both radiative (k) and nonradiative
(k) decay rate constants in films. Importantly, this self-assembly is an
inherent feature of its molecular structure, preserving its core photo-
physical properties despite the yetto-beelucidated supramolecular
structures of TACIC due to its amorphous state. It should be emphasized
here that the prolonged excited singlet state of NFAs enables a reduced
driving force for photoinduced charge transfer (CT) from donor polymers
to NFAs, thereby minimizing open-ircuit voltage loss and enhancing
PCE in OPVs.** We hypothesized that if TACIC aggregates in solutions
could form structures akin to those in films, efficient energy migration
within the aggregates would ensure. More importantly, integrating D-A
molecules capable of CS within these aggregates would enable energy
migration to facilitate CT and CD.

In this study, we designed a TACIC-Br (X = Br in Fig. 1) and
a zincporphyrin (ZnP)-TACIC dyad (Fig. 1). TACIC-Br is expected
to aggregate in solution due to its structural similarity to TACIC.
Meanwhile, ZnP acts as an excellent electron donor for photo-
induced electron transfer (ET),'”**** and ET from ZnP to the
excited singlet state (S;) of TACIC is anticipated based on their
optical and electrochemical properties.**** First, we fully char-
acterized the supramolecular aggregates of TACIC-Br using
spectroscopic measurements and theoretical calculations.
Subsequently, ZnP-TACIC molecules were incorporated into
TACIC-Br aggregates in solution, and their photodynamics were
analyzed using time-resolved transient absorption (TA) spec-
troscopy. Our results revealed efficient energy migration, CT,
and CD within the aggregates. This is highlighted by an
extraordinary singlet excited-state diffusion length (Lp) of
45.6 nm originating from the long-lived excited singlet state in
the aggregates, surpassing those of typical organic semi-
conductors (5-10 nm).*"~°

Results and discussion
Synthesis

The synthetic routes to TACIC-Br and ZnP-TACIC are illustrated
in Schemes S1 and S2, and details of the synthesis are provided
in the ESLT Briefly, TACIC-Br was obtained by Knoevenagel
condensation between the corresponding aldehyde™ and (6-
bromo-2,3-dihydro-3-oxo-1H-inden-1-ylidene)propane-

dinitrile.”* ZnP-TACIC was synthesized by Stille coupling
between the corresponding ZnP tin reagent®*> and TACIC-Br.
ZnP-ref was also prepared.”® The molecular structures were
characterized by solution "H NMR spectroscopy (Fig. S17),
Fourier transfer infrared (FT-IR) spectroscopy (Fig. S27), and
high-resolution mass spectrometry (HRMS) (Fig. S37).

Aggregation behavior of TACIC-Br

The aggregation behavior of TACIC-Br was examined in
a mixture of CHCl; and MeOH (Fig. 2a). In the good solvent,
CHCI;, TACIC-Br displayed an absorption peak at 700 nm with
a shoulder at 650 nm, which is similar to that of TACIC.*' As the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ratio of the poor solvent, MeOH, increased, the band at 700 nm
decreased, and a new peak emerged at 750 nm. Further
increasing the MeOH ratio led to the formation of precipitates.
Correspondingly, the fluorescence also exhibited a redshift with
decreasing intensity (Fig. 2b). These behaviors suggest the
formation of TACIC-Br aggregates in the mixed solvent.

The fluorescence lifetime of the TACIC-Br aggregates was
measured in a mixture of CHCl; and MeOH (Table S1%). The
sample was excited at 636 nm, with emission monitored at
750 nm. When the MeOH ratio ranged from 0-30%, the fluo-
rescence lifetime () remained nearly constant at 0.4-0.5 ns,
displaying a single short-lived component (Fig. S4F). However,
with MeOH ratios exceeding 40%, the average lifetime consid-
erably increased due to the emergence of a long-lived compo-
nent. Dynamic light scattering measurements revealed the
formation of TACIC-Br aggregates with mean diameters (Dy)
between 10-15 nm regardless of the CHCl; to MeOH ratio
(Fig. S5t). Based on trends in the UV-visible-NIR absorption
spectra, steady-state fluorescence spectra, fluorescence life-
times, and aggregate sizes as a function of the MeOH ratio, we
proposed a plausible formation mechanism for the TACIC-Br
aggregates. Within the CHCI; : MeOH ratios of 100: 0 to 60 : 40
(v/v), aggregates of Dy; = 10-15 nm with a fluorescence lifetime
of 0.4-0.5 ns are formed, but the aggregated states are largely
comparable. As the MeOH ratio increases further (CHCl;:
MeOH = 60 : 40 to 40 : 60), a dramatic change in the aggregated
state occurs, while maintaining a similar size, thereby pro-
longing the average fluorescence lifetime from 0.4-0.5 ns to 2.3
ns, which is close to the aggregated states of TACIC (t = 1.6
ns),” TACIC-Br (t = 1.9 ns), and TACIC derivatives (t = 1.3-2.3
ns)* in films. For the subsequent time resolved TA experiments,
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Fig. 2 (a) UV-vis-NIR absorption spectra and (b) fluorescence spectra
of TACIC-Br in a mixture of CHCls and MeOH (1 x 107> M). The inset
depicts the ratio of CHCls : MeOH (v/v).
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we fixed the solvent mixed ratio at 50 : 50, reflecting the repre-
sentative TACIC-Br aggregates with an extended fluorescence
lifetime (vide infra).

To further examine the intermolecular interactions within
the aggregates, solid-state NMR (ssNMR) spectroscopy was
performed on TACIC (X = H) as a reference for TACIC-Br. One-
dimensional (1D) "H magic angle spinning (MAS) and **C cross-
polarization (CP)/MAS spectra of TACIC are presented in Fig. S6
and S7,t respectively. In the 1D 'H MAS spectrum, peaks
observed at —1 to 3 ppm, 5 ppm, and 6-10 ppm were attributed
to protons in different environments: alkyl and alkoxy side
chains (H_aliphatic), a-carbon of the alkoxy side chain on the
thienoazacoronene unit (H1), and the m-conjugated unit (H2-
H11) within the aggregates, respectively. A detailed assignment
is provided in Fig. S6.f While the 1D C CP/MAS spectra
exhibited significant signal overlap, some peaks (C1, C2, C3, C4,
and C5) could be distinctly assigned with the aid of DFT
chemical shift calculations, as shown in Fig. S7.}

Further insight into the intermolecular packing was gained
from a two-dimensional (2D) "H-"?C heteronuclear correlation
(HETCOR) spectrum which identifies spatially proximate
'H-"3C spin pairs. Weak correlations were detected between the
13C peak at 68.5 ppm and 115 ppm and the 'H peak near
5.0 ppm, corresponding to H1/C3 and H1/C4 pairs (Fig. 3a, red
circles). Given that the intramolecular distances of H1/C3 and
H1/C4 exceed 10 A in the DFT-optimized structure, these cross
peaks were attributed to intermolecular correlation. These
findings suggest that within the amorphous TACIC aggregate,
a slipped or T-shaped dimeric -7 packing arrangement is
preferred (see the next theoretical calculation section), wherein
the thienoazacoronene unit and the 1,1-dicyanomethylene-3-
indanone acceptor unit are positioned in close proximity
(Fig. 3b). Such m-1 packing rationalizes the suppressed non-
radiative decay of TACIC in the aggregates formed within the
mixed solvents and in thin films (k.. = 5.8 x 10°® s™") compared
to its behavior in pure chloroform (k,, = 4.2 x 10° s~ ).

To further explore intermolecular interactions, theoretical
calculations were conducted, with computational details
provided in the ESLf First, molecular dynamics (MD) simula-
tions were performed to investigate the stacking structures of
TACIC in the film state. The results revealed that two m-7
packing conformations are nearly equally dominant: the slip-
ped structure, where the acceptor moieties overlap, and the T-
shaped structure, where the acceptor and donor moieties
overlap (Fig. S87). This finding aligns with the ssSNMR results
discussed earlier. Notably, this contrasts with ITIC, a represen-
tative NFA, where only the slipped structure is predominant.*

Next, the time-dependent density functional theory (TDDFT)
calculations were employed to examine the fluorescent prop-
erties of the TACIC monomer and its slipped and T-shaped -7
packing dimers. The S; fluorescent states of the TACIC mono-
mer and dimers are primarily characterized by the HOMO-
LUMO transitions. In the monomer, the HOMO and LUMO are
delocalized across the entire molecule, resulting in a large
transition dipole strength (Fig. 4). However, in TACIC dimers,
the transition dipole strengths are significantly reduced
because the HOMO and LUMO are separated and localized

Chem. Sci.
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Fig. 3 (a) 2D *H-3C HETCOR ssNMR spectrum of TACIC and (b)
expected aggregated structures.

significantly on the overlapped moieties of respective mono-
mers. The same trend was found for TACIC-Br (Fig. S91). In
contrast, the HOMO and LUMO of ITIC dimers are delocalized
throughout the dimer, leading to an enhanced transition dipole
moment strength (Fig. S10t). These theoretical results are
consistent with the experimental results of radiative rate
constants (k.); the k. of TACIC in the film state (4.8 x 10" s~ ") is
smaller than in pure chloroform (3.0 x 10® s™'), whereas the &,
of ITIC in the film state (7.5 x 10° s") is larger than in the
solution (3.6 x 10% s 1).%

Optical properties of ZnP-TACIC

The UV-vis-NIR absorption spectra of ZnP-TACIC, TACIC-Br,
and ZnP-ref were measured in benzonitrile (PhCN), which has
a dielectric constant of 26, close to the estimated value of the
CHCl; : MeOH mixed solvent (50: 50, v/v) (19). The absorption
spectrum of ZnP-TACIC is almost a linear combination of those
of ZnP-ref and TACIC-Br, indicating negligible interaction
between the ZnP and TACIC units in the ground state (Fig. 5a).
The fluorescence spectra of ZnP-TACIC and TACIC-Br were
recorded in PhCN, with the TACIC-Br moiety selectively excited
at 690 nm (Fig. 5b). The fluorescence of ZnP-TACIC is signifi-
cantly quenched compared to that of TACIC-Br, suggesting the
occurrence of photoinduced ET from ZnP to the TACIC-Br
excited singlet-state (S,). This is consistent with the exothermic
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Fig. 4 Calculated transition dipole strength (u), oscillator strength (f),
HOMO and LUMO (isovalue = 0.02) of (a) TACIC monomer, (b) slipped
dimer, and (c) T-shaped dimer at the S; optimized geometry. The
phenyl sidechains are omitted for simplicity.

driving forces for CS (0.42 eV) and charge recombination (CR)
(1.28 eV) in ZnP-TACIC in benzonitrile, based on the first
oxidation potential of ZnP (0.32 V vs. Fc/Fc"), the first reduction
potential of TACIC (—0.96 V vs. F¢/Fe'), and the optical HOMO-
LUMO gap (1.70 eV) of TACIC.*

Additive effects of ZnP-TACIC

We examined the additive effects of ZnP-TACIC on the optical
properties of the TACIC aggregates. The ratio of CHCI; : MeOH
(50:50, v/v) was fixed (vide supra), while the molar ratio of
TACIC-Br : ZnP-TACIC was varied. Upon adding the ZnP-TACIC
solution to the TACIC-Br aggregate solution, a slight decrease in
the TACIC-Br absorption at 700 and 750 nm, as well as a slight

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) UV-vis-NIR absorption spectra of ZnP-TACIC, ZnP-ref, and
TACIC-Br in benzonitrile. (b) Fluorescence spectra of TACIC-Br and
ZnP-TACIC in benzonitrile.

increase in the ZnP absorption, was observed (Fig. 6a). Mean-
while, the fluorescence of TACIC-Br at 830 nm was significantly
quenched with a molar ratio of up to 60 :1 when the TACIC-Br
moiety was excited solely at 700 nm (Fig. 6b). These results
suggest that ZnP-TACIC is incorporated into the TACIC-Br
aggregates (denoted as TACIC-Br/ZnP-TACIC), and efficient
energy migration in the TACIC-Br/ZnP-TACIC aggregates and
subsequent CS in ZnP-TACIC occur when a small molar ratio of
ZnP-TACIC is added to the TACIC-Br aggregate solution.

From the dynamic light scattering experiments, the size of
the TACIC-Br aggregates appears to decrease slightly as the
MeOH ratio in CHCl; increases (Fig. S51). However, this trend is
not consistent, and we are therefore unable to evaluate the
effect of ZnP-TACIC as an additive. To investigate the impact of
mixing order on aggregate formation, we conducted the
following experiments: Order A: (1) a CHCI; solution of ZnP-
TACIC was added to a CHCI; solution of TACIC-Br to achieve
a molar ratio of TACIC-Br : ZnP-TACIC = 10:1. (2) MeOH was
then added to adjust the solvent ratio to CHCl; : MeOH = 50:
50. Order B: (1) MeOH was added to a CHCl; solution of TACIC-
Br to reach a solvent ratio of approximately CHCI; : MeOH =
50:50. (2) A CHCI; solution of ZnP-TACIC was then added to
achieve a final molar ratio of TACIC-Br:ZnP-TACIC = 10:1
while maintaining the CHCIl;:MeOH ratio at approximately
50:50. In both cases, selective excitation of TACIC-Br resulted
in pronounced fluorescence quenching, indicating that energy
migration and charge transfer processes occur efficiently
regardless of the ZnP-TACIC incorporation sequence in the
TACIC-Br aggregates.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) UV-vis-NIR absorption spectra and (b) fluorescence spectra
of TACIC-Br/ZnP-TACIC in a mixture of CHClz and MeOH (1 x 107> M,
50:50, v/v). The inset depicts the molar ratio of TACIC-Br:ZnP-
TACIC.

Transient absorption measurements

The time-resolved TA measurements were performed for TACIC-
Br and ZnP-TACIC in CHCl;. Upon excitation at 700 nm, positive
absorptions arising from the S; state at 600 and 1100 nm, as
well as negative ground-state bleaching at 700 nm, were
observed for TACIC-Br (Fig. 7a). A similar absorption profile was
noted for TACIC.* The absorption decayed with a time constant
of 410 ps (Fig. S11at), which agreed with the fluorescence life-
time of TACIC-Br (t = 438 ps). For ZnP-TACIC, the absorptions
decayed faster than those in TACIC-Br, suggesting the occur-
rence of photoinduced ET from ZnP to the S; state of TACIC
(Fig. 7b). Indeed, as the S; absorption decayed, characteristic
ground-state bleaching at 420 nm, arising from ZnP radical
cation (ZnP""), and positive absorption at 750 nm, arising from
TACIC radical anion (TACIC ), emerged.*" Given the spectral
overlap between TACIC'~ and the ground-state bleaching and
considering the intrinsic synchronization of radical cation and
anion dynamics, the charge dynamics were analyzed using the
420 nm signal, which exhibits minimal spectral overlap. From
the absorption profile fitting, the CS and CR time constants of
8.8 ps and 140 ps were obtained (Fig. S11bt). Taking into
account the fluorescence lifetime of TACIC-Br, the charge
separation efficiency approaches unity.

The time-resolved TA measurements were also conducted for
the TACIC-Br/ZnP-TACIC aggregates with a molar ratio of
TACIC-Br : ZnP-TACIC (10: 1) in a mixture of CHCl; and MeOH
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Fig.7 Femtosecond time-resolved transient absorption spectra of (a)
TACIC-Br and (b) ZnP-TACIC in CHCls (3 x 107> M). The inset depicts
the delay time after excitation at 700 nm.

(50:50, v/v). In the subsequent measurements, we focused on
the visible region due to its information richness. Upon exci-
tation at 700 nm, positive absorption arising from the S, state of
TACIC-Br at 600 nm was observed for the TACIC-Br aggregates
in both the absence and presence of ZnP-TACIC (Fig. 8). In the
aggregated state, the ground-state bleaching (as well as the
steady-state absorption) of TACIC-Br exhibits a red shift relative
to that in solution, leading to increased spectral overlap with
TACIC" ™. Consequently, the relatively weak absorption of TAC-
IC"~ is masked by the intense ground-state bleaching. However,
in the presence of ZnP-TACIC, a positive absorption at 800 nm,
attributable to the absorption tail of TACIC"~, and the charac-
teristic ground-state bleaching at 420 nm, arising from ZnP"",
were detected. This supports the formation of the charge-
separated state for the TACIC-Br/ZnP-TACIC aggregates. As in
the solution systems, the ground-state bleaching signal at
420 nm, derived from ZnP"* with minimal spectral overlap, was
employed in the subsequent decay analysis.

To determine whether energy transfer from TACIC-Br mole-
cules near ZnP-TACIC or energy migration among the TACIC-Br
aggregate contributes to CS, the excitation intensity depen-
dence of TA spectra was investigated. As the excitation intensity
at 700 nm increased, CS took place more rapidly in the TACIC-
Br/ZnP-TACIC aggregates with a molar ratio of TACIC-Br : ZnP-
TACIC (10:1) in a mixture of CHCl; and MeOH (50: 50, v/v)
(Fig. 9 and S12%). This suggests that the S; state of TACIC-Br
far from ZnP-TACIC does not contribute to CS due to the fast
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Fig. 8 Femtosecond time-resolved transient absorption spectra of (a)
TACIC-Br and (b) TACIC-Br/ZnP-TACIC with a molar ratio of 10:1 in
a mixture of CHCls and MeOH (50 : 50, v/v, 1 x 10> M of TACIC-Br).
The inset depicts the delay time after excitation at 700 nm. Strong
scattering of the excitation pump pulse by aggregates obscures the
wavelength region around 700 nm. The vertical axis has been
expanded to better visualize the S; state and TACIC"™. The complete
intense ground-state bleaching signal up to its peak is presented in
Fig. S12.%

relaxation of the S; state by singlet-singlet annihilation.
However, under the weak excitation intensity (<5 pJ cm™?), the
CS rate constant slows down, exceeding the CS rate constant of
ZnP-TACIC in CHCI; (8.8 ps). These results demonstrate that CS
is regulated by diffusion-controlled singlet excited-state migra-
tion. Under the excitation intensity of 18.7 uj cm 2, the CR rate
constant of 260 ps is longer than that of ZnP-TACIC in CHCl;
(140 ps). We underscore that approximately 35% of the charge-
separated state in the aggregates persisted on a nanosecond
timescale, in stark contrast to those in ZnP-TACIC in CHCl;,
where the charge-separated state decayed completely within 1
ns. These results indicate that a fraction of TACIC ™ diffuse
through the aggregates opposing the Coulomb attraction,
thereby preventing CR.

The singlet excited-state diffusion length (Lp) of TACIC-Br
was determined to be 45.6 nm (Fig. S131). Given the Ly, value
and the singlet excited-state lifetime of 2.2 ns, diffusion coeffi-
cient (D) was calculated to be 9.5 x 10> cm® s~ *. This value is
lower than that of ITIC-Cl (2.7 x 10> em” s~ ),** which we
previously determined using the same methodology. Consid-
ering t = 140 ps for ITIC-Cl, the Ly, value of TACIC-Br is 2.4 times
higher than that of ITIC-Cl, demonstrating the potential utility
of the TACIC structure for efficient energy migration.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Excitation intensity dependence of ground-state bleaching

formation corresponding to ZnP'* (averaged over 420-430 nm) and
(b) plot of CS rate constant as a function of excitation fluence at
700 nm. The molar ratio of TACIC-Br/ZnP-TACIC aggregates is 10: 1
and the ratio of CHClz and MeOH is 50 : 50 (v/v). The inset depicts the
excitation intensity. The black lines in panel (a) represent the best
fitting curves of the transient absorption data with bi-exponential
functions and a constant offset. The horizontal line in panel (b)
represents the CS rate constant of ZnP-TACIC in CHCls (8.8 ps) as
a guide for the eye.

Experimental

Experimental details including materials, methods, synthetic
procedures, solution "H NMR spectra, IR spectra, mass spectra,
optical measurements, DLS measurements, solid-state "H and
3C NMR spectra, MD and TDDFT calculations, TA measure-
ments, and the details of determination of Ly, are provided in
the ESL+

Conclusions

The dynamic interplay between the self-assembling non-
fullerene acceptor TACIC-Br and the zincporphyrin (ZnP)-TACIC
dyad presents a fascinating model for emulating energy trans-
duction and charge separation, akin to natural photosynthesis
and organic photovoltaics. Notably, TACIC-Br molecules exhibit
a strong tendency to aggregate even in the favorable solvent
CHCIl;. However, when the proportion of the poor solvent
(MeOH) surpasses 40% in a CHCl;/MeOH mixture (v/v), these
aggregates exhibit an extended singlet-state lifetime, compa-
rable to TACIC thin films. Solid-state NMR spectroscopy and
theoretical calculations showed for the first time the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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importance of dimeric w—m packing structures for the unusual
photophysical properties of TACIC aggregates: within these
aggregates, a slipped or T-shaped dimeric w-7 packing
arrangement is favored, bringing the thienoazacoronene donor
unit and the 1,1-dicyanomethylene-3-indanone acceptor unit
into close proximity. This supramolecular -7 packing effec-
tively minimizes both nonradiative and radiative decay
processes, shaping the unique photophysical behavior of TACIC
in chloroform/MeOH mixtures and thin films, in contrast to its
behavior in pure chloroform. Such relationship between
molecular structure, packing structure, and photophysical
properties of NFAs are pivotal for rational molecular design of
photoactive organic functional molecules in solid states.

In CHCI;/MeOH mixtures exceeding 40% MeOH, TACIC-Br/
ZnP-TACIC aggregates exhibit substantial fluorescence
quenching of TACIC-Br by ZnP-TACIC, even at a TACIC-Br : ZnP-
TACIC molar ratio of up to 30:1. Time-resolved transient
absorption measurements highlighted efficient energy migra-
tion and charge separation within these aggregates, demon-
strating an extraordinarily long singlet excited-state diffusion
length (Lp) of 45.6 nm due to the prolonged excited singlet state
lifetime—far exceeding the typical 5-10 nm range observed in
organic semiconductors and ranking among the longest diffu-
sion lengths reported for recently developed novel NFAs.
Remarkably, after quantitative charge-transfer at the charge
separation molecule, approximately 35% of the charge-
separated states within these aggregates successfully disso-
ciate, forming free ion pairs as the TACIC radical anion fraction
diffuses and overcomes Coulomb attraction. This integrated
supramolecular strategy adeptly replicates both light-harvesting
and charge separation mechanisms (including charge transfer
and charge dissociation) observed in photosynthesis and
organic photovoltaics. It holds promise for driving future
advancements in artificial photosynthesis, solar fuels, and
organic photovoltaics.
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