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Symmetry-breaking charge separation (SB-CS) is a fundamental process in natural photosynthetic systems,
serving as the primary trigger for electron transfer and ultimately leading to the formation of a charge
separated state. This mechanism has also been leveraged in optoelectronic devices to minimize energy
loss and improve solar energy conversion efficiency. However, in organic solar cell (OSC) studies, SB-CS
has predominantly been observed in polar environments, and the roles of molecular aggregation in
modulating this process remain unclear. Herein, we investigated the influence of aggregation and
solvent polarity on the SB-CS of the perylene diimide trimer (PDI-IIl) in different solvents. Steady-state
absorption and fluorescence spectroscopy reveal that PDI-IIl exhibits a biphasic aggregation behavior
depending on solvent polarity, with stronger aggregation occurring in both nonpolar and highly polar
solvents than in solvents of intermediate polarity. Femtosecond transient absorption spectroscopy and
time-resolved infrared spectroscopy indicate that SB-CS also emerges in toluene, with an extent that lies
between those observed in chloroform and acetone. Further analysis suggests that in toluene,
intermolecular aggregation strengthens t—m interactions and electronic coupling, thereby enabling SB-

. 430t N ber 2025 CS even in the absence of substantial solvent polarity. In acetone, intramolecular aggregation, together
eceive th November . . . . .
Accepted 12th March 2026 with strong solvent polarity, leads to more efficient SB-CS than in chloroform. Collectively, these results

establish a clear mechanistic framework for how aggregation and solvent polarity govern SB-CS in PDI-
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Introduction

Significant advances in nonfullerene acceptor (NFA)-based
organic solar cells (OSCs) have enabled power conversion effi-
ciency (PCE) exceeding 20%.'” However, their PCEs still lag
behind those of perovskite or crystalline silicon solar cells,
primarily due to large energy loss.®® Owing to the intrinsically
low permittivity of OSCs, the previously prevailing view held
that a driving force of ~0.3 eV in fullerene-based OSCs was
required to dissociate charge transfer (CT) excitons into free
charge carriers (FCs), thereby contributing substantially to the
overall energy loss.”'° This driving force can be approximated by
the lowest unoccupied molecular orbital (LUMO) energy offset
between the donor and acceptor for electron transfer, or by the
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Ill, offering guiding principles for minimizing energy loss while maintaining high photocurrent in next-

highest occupied molecular orbital (HOMO) energy offset for
hole transfer.'* Interestingly, recent studies have demonstrated
that small, or even negative energy offset can achieve high PCE
with relatively low energy loss in NFA-based systems.”™*
Although multiple factors have been proposed to influence this
behavior, a consensus on the underlying mechanism has yet to
be reached.”™® In this context, symmetry-breaking charge
separation (SB-CS) has emerged as a particularly compelling
pathway, as it can facilitate more efficient FCs generation due to
its lower charge separation barrier compared to conventional
excitons.>

Perylene diimide (PDI) is one of the most extensively inves-
tigated NFAs, owing to its strong light-harvesting capability,
tunable absorption characteristics, high chemical and thermal
robustness, and excellent electron-accepting properties.”*>*
State-of-the-art devices often employ architectures that inte-
grate multiple PDI subunits into twisted frameworks. Such
molecular designs promote long-range molecular ordering,
enhance optical absorption, and mitigate energy loss associated
with charge recombination and excimer formation.”**” Impor-
tantly, these structural features not only govern the ground state
optical responses of PDI assemblies but also shape their excited
state landscape, within which SB-CS may emerge.”*?° For
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example, Guo et al. synthesized two PDI dimers with different
conjugated bridge structures and found that SB-CS occurs only
in polar solvents, whereas it is absent in weakly polar and
nonpolar environments.** Lin et al. further investigated cova-
lently linked slip-stacked PDI dimers and trimers, revealing that
vibronic coupling can mediate excited-state mixing between
excitonic and CT configurations, and that the trimer architec-
ture offers an intrinsic advantage for SB-CS by enabling richer
exciton/CT-state mixing beyond the dimer limit.** Nevertheless,
most previous studies have focused on polar solvents, where
solvent fluctuation is essential for breaking the excited state
symmetry. In contrast, SB-CS in nonpolar media remains largely
unexplored, despite the fact that the active layers of OSCs
typically operate in nonpolar environments.** This makes
understanding SB-CS under nonpolar conditions particularly
important.

In this work, we investigate the SB-CS behavior of a PDI
trimer (PDI-II), in which three monomer (PDI-C5) units are
covalently linked to a central benzene core via acetylene bridges.
The solvent-dependent aggregation of PDI-III was investigated
using UV-Vis absorption and fluorescence spectroscopy, while
femtosecond transient absorption spectroscopy (TAS) and time-
resolved infrared (TRIR) spectroscopy were employed to probe
its excited state dynamics. Analysis of the UV-Vis absorption
and fluorescence spectra reveals that PDI-III exhibits a biphasic
aggregation behavior depending on the solvent polarity, with
stronger aggregation observed in both nonpolar and highly
polar solvents compared to solvents of intermediate polarity.
TAS and TRIR further demonstrate that SB-CS occurs not only in
polar solvents but also in nonpolar solvents, with the extent of
charge separation in nonpolar solvent toluene (TOL) lying
between that observed in moderately polar solvent chloroform
(CF) and highly polar solvent acetone (AC). These findings
highlight that both aggregation and solvent polarity synergis-
tically modulate SB-CS in PDI-II, providing mechanistic
insights for strategies aimed at reducing energy loss in OSCs.
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Results and discussion

The molecular structure of PDI-III is shown in Fig. 1a, and the
reference monomer PDI-C5 is presented in Fig. S1. PDI-III is
a C;-symmetrical star-shaped molecule composed of three PDI-
C5 units, each of which is connected to the central phenyl group
via an acetylene bridge.** The rotational flexibility of the alkyne
bonds and the confined space around the trimer chromophore
allow the solvent to modulate both intramolecular and inter-
molecular interactions, potentially affecting the aggregation
behavior and excited state dynamics of PDI-III. The UV-Vis
spectra of PDI-C5 and PDI-III in various solvents are shown in
Fig. S2. PDI-C5 exhibits four characteristic absorption peaks
at approximately 530 (4¢_o), 490 (Ao-1), 460 (Ay_,), and 425
(A0-3) nm, with decreasing intensity. These peaks correspond to
the aromatic core m-m* transition in the series of vibronic
relaxation of the S,-S; states (Fig. S2a).*® With increasing
solvent polarity, the absorption peaks of PDI-C5 exhibit only
minor red or blue shifts without changes in the relative inten-
sities, indicating that PDI-C5 remains largely monomeric in
solution.*® In contrast, PDI-III (Fig. S2b) exhibits pronounced
spectral variations as the solvent polarity increases. In both
nonpolar and polar solvents, the spectra display an inversion in
intensity between A4, and A,_;, characteristic of molecular
aggregation.’” Conversely, in solvents of intermediate polarity,
the spectral profiles closely resemble those of the monomer.
These results indicate that PDI-III exhibits a biphasic aggrega-
tion behavior in solution.*® Based on this, three representative
solvents with distinct polarities—TOL, CF, and AC—were
selected to investigate this behavior in detail.

The normalized UV-Vis absorption and fluorescence spectra
of PDI-II in three representative solvents are shown in Fig. 1b.
In the intermediate polarity solvent CF, the absorption spec-
trum exhibits four vibronic bands at 542 (4,_), 505 (A¢_1), 472
(Ao—2), and 446 nm (4,-3) with decreasing intensity, closely
resembling those of the PDI-C5 monomer (Fig. S2a). The fluo-
rescence spectrum in CF is nearly a mirror image of the
absorption, consistent with typical monomeric behavior.*® In
contrast, in nonpolar solvent TOL, the UV-Vis spectrum of PDI-
III exhibits an inversion of the A,_, and A,_; band intensities
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Fig. 1 (a) The molecular structure of PDI-III. (b) Normalized UV-Vis absorption (solid line) and fluorescence (dashed line) spectra of PDI-III in

three representative solvents. All fluorescence spectra were recorded
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upon excitation at 480 nm.
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and broadened vibronic features compared to CF. The corre-
sponding fluorescence is also broader, reflecting aggregation-
induced excitonic interactions.*® In AC, a similar A,_, and A,_,
intensity inversion is observed, but the fluorescence is further
broadened, less structured, and red-shifted to around 650 nm,
indicating the emergence of polar-solvent-assisted symmetry-
breaking.*"*

Concentration-dependent absorption spectroscopy was
employed to distinguish intramolecular and intermolecular
aggregation of PDI-II,* with the results shown in Fig. S3. In
TOL (Fig. S3a), the degree of aggregation decreases with
decreasing concentration, consistent with intermolecular
aggregation. By contrast, in AC (Fig. S3c), the aggregation
exhibits only slight variation with changing concentration,
indicative of intramolecular aggregation.*® In CF, PDI-III
remains monomeric across all concentrations (Fig. S3b). To
gain deeper insight into the aggregation behavior, compre-
hensive conformational searches were carried out for PDI-III
and its dimer using Molclus,* followed by Gibbs free energy
calculations (see the Computational methods section in the SI
for details). The Gibbs free energy difference is defined as AG =
Gdimer — 2Gmonomer- IN acetone, the calculated AG value for the
dimer is +7.2 kcal mol ™" (Table S1), indicating that the mono-
mer is thermodynamically more stable. The lowest-energy
monomer structure obtained from the conformational search
exhibits pronounced intramolecular aggregation characteris-
tics, in which two PDI units are coupled in a single trimer
(Fig. S4a). In contrast, in toluene, the calculated AG value for the
dimer is —6.8 kcal mol™" (Table S1), demonstrating that dimer
formation is thermodynamically favored (Fig. S4b). This
behavior is likely associated with the ability of aromatic solvents
to mt-stack with the PDI cores.*>*® The 7— interactions between
toluene molecules and the PDI framework may induce a more
extended molecular conformation, thereby weakening intra-
molecular aggregation and promoting intermolecular w-m
stacking between adjacent PDI-III units. As a result, dimer
formation is energetically preferred in toluene. To further
characterize the excited states, we measured the fluorescence
lifetimes of PDI-III in the three solvents and determined the
corresponding fluorescence quantum yields. The results are
summarized in Table 1, and the corresponding decay curves are
shown in Fig. S5. Notably, PDI-III exhibits the highest fluores-
cence quantum yield in CF, while it is significantly reduced in
both TOL and AC. These results indicate that in TOL and AC,
a larger portion of the excited state population relaxes non-
radiatively, while a smaller fraction returns to the ground

Table 1 Refractive index (n), dielectric constant (e), fluorescence

quantum yield (@) and fluorescence lifetime (z) of PDI-IIl in selected
solvents

Solvent n € fle) — fin?)* ] ¢ (ns)
Toluene 1.50 2.38 0.03 0.40 5.85
Chloroform 1.45 4.81 0.30 0.68 5.59
Acetone 1.36 20.7 0.57 0.16 8.21, 27.70

¢ flx) = 2(x — 1)/(2x + 1): Onsager functions.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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state via radiative decay. The slightly longer fluorescence life-
time of PDI-III in TOL relative to CF, combined with the lower
fluorescence quantum yield, suggests that aggregation-induced
symmetry breaking may stabilize a charge separated state,'®" as
further corroborated by subsequent TAS and TRIR measure-
ments. In AC, a longer lifetime component emerges, consistent
with the formation of charge separation state through polar-
solvent-assisted symmetry-breaking.**

To further investigate the excited state dynamics of PDI-III in
different solvents, TAS measurements were carried out with
480 nm excitation, and the results are presented in Fig. 2. For
comparison, the corresponding TAS spectra of the reference
monomer PDI-C5 are shown in Fig. S6. In TOL (Fig. 2a—c), where
PDI-III tends to aggregate, two negative bands of comparable
intensity are observed between 490 and 570 nm. By comparison
with the UV-Vis absorption and fluorescence spectra, the former
can be assigned to ground-state bleaching (GSB), while the
latter arises from a superposition of GSB and stimulated
emission (SE). Upon increasing the delay time from 0.2 to 75 ps
(Fig. 2a), two new excited state absorption (ESA) bands emerge
at 598 and 803 nm, accompanied by two isosbestic points at
approximately 710 and 850 nm, which are absent in the
monomer reference (Fig. S6a). According to previous reports,
these ESA bands can be attributed to PDI radical cation and
anion species, providing unambiguous evidence for the
formation of the SB-CS state in TOL.> The spectral signals
persist throughout the experimental time window (3.6 ns),
indicating a long-lived charge recombination (CR) process
following the SB-CS state (Fig. 2c).

When PDI-III is dissolved in CF (Fig. 2d and e), three negative
features appeared immediately after photoexcitation. The
negative signal around 510 nm is assigned to GSB, while the SE
band appears around 610 nm, consistent with the fluorescence
spectrum. The sharp, high-intensity signal at 540-580 nm
belongs to the superposition signal of GSB and SE. This
pronounced mountain-like negative profile resembles that of
the PDI-C5 monomer (Fig. S6b); however, the ESA features differ
significantly. The ESA band at 735 nm that synchronizes with
GSB belongs to the locally excited (LE) state.** The broad posi-
tive feature around 800 nm, which is absent in the monomer
spectra, is attributed to overlapping absorption from the PDI
anion and CT state.” The signal of the PDI radical cation is not
observed over the entire time window, likely because the strong
SE in CF, arising from its high fluorescence quantum yield,
obscures the relatively weak cation absorption. These observa-
tions indicate that only weak charge separation occurs via SB-CS
in CF. In AC (Fig. 2g and h), two negative bands appear
immediately after photoexcitation. The spectral profile differs
from that of the PDI-C5 monomer in AC (Fig. S6c), consistent
with the previous discussion that PDI-III undergoes intra-
molecular aggregation. Fig. 2g exhibits two well-defined positive
bands at 619 and 700 nm, which are assigned to the PDI radical
cation and LE state, respectively, while the absorption band
around 800 nm is attributed to overlap between the PDI anion
and CT state. The presence of a distinct radical cation and anion
bands, together with the low fluorescence quantum yield,
indicates that SB-CS is more pronounced in AC than in CF. To
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Fig.2 TAS spectra of PDI-Ill in (a—c) toluene, (d—f) chloroform, and (g—i) acetone, recorded at short (a, d and g) and long (b, e and h) time delays
following 480 nm excitation. The solid and dashed gray lines represent the UV-Vis absorption and fluorescence spectra, respectively. Panels (c, f

and i) present the kinetic traces at selected wavelengths.

exclude nonlinear contributions that may be enhanced in
aggregated samples, we performed pump-fluence-dependent
TAS measurements. The normalized kinetic traces overlap
across all pump fluences used in this work (Fig. S7), indicating
that the formation and decay dynamics are independent of
excitation density within the investigated range and thus ruling
out significant higher-order or bimolecular contributions under
our experimental conditions.

Based on the above spectroscopic analysis, a simplified
energy-level scheme is proposed to rationalize the solvent-
dependent excited state dynamics of PDI-III (Fig. 3). Upon
photoexcitation, the LE state is generated and rapidly relaxes to
the CT state. The CT state can either decay to the ground state or
undergo symmetry breaking to form the SB-CS state. The SB-CS
state may return to the CT manifold via back electron transfer or
recombine directly to the ground state.**® To quantify the
excited state decay dynamics of PDI-III in different solvents,

9742 | Chem. Sci., 2026, 17, 9739-9746

global target analysis was performed using the kinetic model
illustrated in Fig. 3. The resulting species-associated difference
spectra (SADS) and corresponding time-dependent concentra-
tion kinetics are presented in Fig. 4, with the extracted time
constants for the relevant excited state processes summarized
in Table 2. The experimental data and corresponding global
fitting results are shown in Fig. S8, demonstrating the excellent
agreement between the experiment and the model.

The first component obtained from global fitting is assigned
to the LE state, which decays fastest in AC (0.93 ps), followed by
TOL (1.05 ps) and CF (1.30 ps). The second component corre-
sponds to the CT state, with decay time constants to the ground
state nearly identical to the fluorescence lifetimes (Table 1). The
third component represents the SB-CS state, for which the
charge separation process occurs fastest in AC (330 ps), followed
by TOL (420 ps) and CF (690 ps), indicating that SB-CS efficiency
is highest in AC, intermediate in TOL, and lowest in CF.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Simplified energy diagram illustrating the solvent-dependent
excited state dynamics of PDI-IIl in different solvents. t; denotes the
time constant associated with the formation of the relaxed CT state; 1,
corresponds to the decay of the CT state back to the ground state; tcs
represents the charge-separation time constant; 1. is the time
constant for back electron transfer; and tcr describes the charge-
recombination process.

Although TAS provides an overview of the excited state
dynamics, the significant spectral overlap among GSB, SE, and
ESA signals from different species complicates the identifica-
tion of the SB-CS related features. To overcome this limitation,
we further performed TRIR measurements, in which the C=C
stretching vibration serves as a spectrally isolated and highly
sensitive probe of electronic redistribution.** This feature
enables direct and unambiguous tracking of the SB-CS process.

For a symmetric molecular structure, the electronic distri-
butions across the C=C linkers are uniform, resulting in

View Article Online
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Table 2 Time constants of PDI-IIl in different solvents obtained from
global fitting of TAS data

Solvent 71 (ps) 7, (ns) Tos (PS)  Twet (NS) 7o (nS)
Toluene 1.05+0.04 53+05 420+30 57+£04 14+1
Chloroform 1.30 +0.01 52 +0.4 690+30 54 +0.5 7.8+0.8
Acetone 0.93 + 0.01 9+ 2 330+ 10 83 +0.6 19+2

a single C=C stretching band. Upon symmetry breaking, the
uneven electron distribution gives rise to distinct C=C
stretching frequencies for different linkers. When symmetry is
fully broken and the electrons are completely localized on
a specific branch, a single C=C band reappears.*® Fig. 5 pres-
ents the TRIR spectra in the C=C stretching region following
480 nm excitation of PDI-III in different solvents, with the cor-
responding Fourier transform infrared spectrometer (FTIR)
spectra shown in Fig. S9. Upon photoexcitation, a broad,
featureless positive band emerges in the mid-IR region. Similar
bands have been previously assigned to the S, < S, transition.*
In our case, this structureless background exhibits significant
growth at early times in TOL and CF (Fig. 5a and b) and persists
well beyond 2000 cm ™" (Fig. S10), which is inconsistent with S,
« S, transitions and thus excludes this possibility. We instead
attribute this band to the absorption of FCs, as commonly
observed in inorganic semiconductor photocatalysts and
organic photovoltaics.”>*

As shown in Fig. 5b, in CF, a single positive peak around
2115 cm™~ ' appears immediately after excitation, followed by the
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Fig. 4 Global target analysis results derived from TAS of PDI-Ill. SADSs and temporal concentrations of PDI-IIl in (a and d) toluene, (b and e)

chloroform, and (c and f) acetone.
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Fig. 5 TRIR spectra of PDI-IIl in the C=C stretching region in toluene (a), chloroform (b), and acetone (c) following 480 nm excitation.

emergence of a second peak around 2152 cm ™" at later times. In
contrast, in AC, two ESA peaks at 2112 and 2150 cm™ ' appear
rapidly after excitation, with the lower-frequency band decaying
quickly and leaving only the 2150 cm ' peak at later times.
These observations indicate that symmetry breaking is more
pronounced in AC than in CF, in agreement with the TAS
results. The enhanced symmetry breaking in AC primarily arises
from its higher polarity and intramolecular aggregation, which
together stabilize the charge-separated state. In TOL, two posi-
tive ESA peaks at 2161 cm™ " and 2185 cm ™" persist throughout
the measurement window, indicating that SB-CS can also occur
in this nonpolar solvent. As discussed above, PDI-III in TOL
tends to undergo intermolecular aggregation, which may arise
from the ability of aromatic solvents to m-stack with the PDI
cores.**® This aggregation strengthens m-m interactions and
increases electronic coupling between neighboring PDI units.
The enhanced coupling renders the excited state more prone to
electronic asymmetry, promoting the concentration of the
electron on a specific branch.***® As a result, aggregation
effectively promotes SB-CS. Importantly, the distinct vibrational
frequencies observed in different aggregation environments
suggest that the excited-state energy landscape is strongly
modulated by aggregation geometry. Variations in electronic
coupling alter the degree of charge delocalization and the
stabilization energy of the symmetry-broken state, which is
directly reflected in the solvent-dependent shifts of the ESA
bands. To further examine whether the observed SB-CS is
retained in a more device-relevant environment, we extended
our investigation from solution to the solid state. In neat PDI-III
films (Fig. S11), the TAS spectra exhibit broad positive photo-
induced absorption together with an isosbestic point, suggest-
ing that charge separation persists even under the low-dielectric
conditions of the solid state. We next coupled PDI-III with the
electron donor material, PBDB-T, to examine whether charge
separation is preserved under donor-acceptor conditions. In
the PBDB-T:PDI-III blend film (Fig. S12), a pronounced growth
of the PBDB-T GSB is observed at later delay times. The
temporal evolution of the donor bleach provides strong
evidence that charge separation is retained under donor-
acceptor solid-state conditions.
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Conclusions

In summary, we synthesized a PDI trimer and investigated its
aggregation behavior and excited state dynamics in solution.
Steady-state absorption and fluorescence spectroscopy revealed
that the trimer exhibits biphasic aggregation, with stronger
aggregation observed in both nonpolar and highly polar
solvents compared to solvents of intermediate polarity. Based
on these observations, three representative solvents were
selected for further study. Analysis of the fluorescence quantum
yields indicates that in nonpolar TOL and highly polar AC,
a larger portion of the excited state population relaxes to a non-
radiative state, while a smaller fraction returns to the ground
state radiatively, compared to intermediate polarity CF. TAS and
TRIR measurements reveal that SB-CS occurs in all three
solvents, with the extent of charge separation in TOL interme-
diate between that observed in CF and AC. In TOL, intermo-
lecular aggregation enhances m-m interactions and electronic
coupling between PDI units, promoting SB-CS even in the
absence of a polar environment. In AC, rapid electron locali-
zation on a specific branch and an accelerated charge separa-
tion process are observed, reflecting the combined effect of
intramolecular aggregation and solvent polarity in promoting
SB-CS. In contrast, only weak SB-CS is detected in CF, attribut-
able to its modest solvent polarity. Collectively, these results
establish that both aggregation and solvent polarity critically
govern SB-CS, with aggregation serving as a key driving force
even under nonpolar conditions. These insights provide
a mechanistic basis for controlling SB-CS to reduce energy loss
while sustaining high photocurrent in next-generation OSCs.
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