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We demonstrate ultrafast symmetry-breaking charge separation
(zcs <110 fs) in thin films of J-aggregated perylenediimide (PDI)
multimers in a nonpolar polymethyl methacrylate polymer matrix
(¢ = 2.80-3.20). Theoretical calculations reveal the role of through-
space electronic communication and n—n interactions promoting
ultrafast charge separation in PDI multimers in the solid-state.

Achieving efficient charge separation (CS) with minimal energy
loss is a key challenge in advancing organic photovoltaic (OPV)
devices."”> Symmetry-breaking charge separation (SB-CS) has
recently emerged as a prospective solution for generating hole-
electron pairs in chromophoric assemblies without conven-
tional donor-acceptor interfaces.>* SB-CS takes advantage of
asymmetry introduced by molecular packing or the surround-
ing environment to generate long-lived charge separated states
(CSS) from photoexcited neutral chromophores, ultimately
paving the way for improved open-circuit voltages and better
device performance.’® Although SB-CS is well documented in
solution-phase systems where solvent polarity helps stabilize
the charge separated state, achieving it in the solid-state, with-
out the aid of external dielectric stabilization, presents both a
fundamental challenge and a valuable opportunity for techno-
logical advancement."”® Among the various n-conjugated sys-
tems explored, perylenediimides (PDIs) are outstanding electron-
deficient chromophores known for their strong absorption,
photostability, and high electron mobility.'”"" Their excited-state
dynamics are highly sensitive to molecular packing, and recent
studies have shown that PDIs organized into solid-state multi-
chromophoric assemblies can undergo SB-CS through intermole-
cular pathways.">™"* Notably, SB-CS has been observed in the solid-
state in systems where PDIs adopt slip-stacked geometries that
promote through-space electronic coupling while suppressing exci-
mer formation, otherwise leading to non-radiative losses."?
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Rational molecular design plays a crucial role in achieving
such favourable packing geometries. Introducing bulky or
directional substituents, tailoring the rigidity and conjugation
of linkers, or using multimeric scaffolds can promote ordered
slip-stacked aggregates in the solid-state.'®'® These arrange-
ments facilitate the electronic coupling necessary for SB-CS
while simultaneously mitigating structural motifs that favour
excimer formation.” Previously, we have shown that ultrafast
intramolecular SB-CS can be achieved under the effect of polar
solvents in angular PDI bichromophoric and trichromophoric
structures through the modulation of intrachromophore elec-
tronic coupling.'®'” Herein, we investigate the excited-state
dynamics of two PDI-based multichromophoric assemblies
(PDI, and PDI;) forming J-aggregated thin film structures. We
demonstrate that such architectures enable ultrafast SB-CS
even in a nonpolar polymethyl methacrylate (PMMA) polymer
matrix, thus providing a framework for designing next-
generation organic materials capable of efficient solid-state
charge generation.

PDI, and PDI; (Fig. 1a and b) were synthesized and char-
acterized (Scheme S1 and Fig. S1-S8) following the previously
reported procedures.'®'” Key insights into the aggregate stack-
ing were obtained using multi-dimensional NMR analyses in
CDCl;, where ~12 molecules of PDI, and PDI; each were
estimated to be stacked in the individual aggregate structure
(Fig. S9-S18; refer to SI for more details). The PDI, optimized
structure obtained at the B3LYP-D3/6-311+G(d,p) level of theory
in vacuum, employing density functional theory (DFT), exhib-
ited a core-twist of ¢ = 20.3° in the PDI fragment with bay-
substitution (Fig. 1c). Meanwhile, the PDI; optimized structure
displayed core-twisting of both the terminal PDI fragments with
¢ = 20.6° (Fig. 1d).

The steady-state photophysical properties of PDI, and PDI;
were investigated in thin films in a nonpolar PMMA matrix
(¢ = 2.80-3.20) in comparison to the photophysical properties at
the monomer state in 1,4-dioxane (DIOX) at room temperature.
The UV-vis absorption and fluorescence excitation spectra of
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Fig. 1 Molecular structures of (a) PDI, and (b) PDIs. Optimized structures
of (c) PDI, and (d) PDI3 showing the core-twist in the PDI multimers.

PDI, and PDI; thin films in PMMA reveal significantly broad
red-shifted features compared to the PDI, and PDI; monomeric
optical properties in DIOX ( Fig. S19 and S20a). PDI, thin film
showed red-shifted broadened maxima in the excitation spectra
(Fig. S19a) with s, ~ 528 nm (521 nm in DIOX), while PDI,
thin film exhibited broad maxima (Fig. S19b) at Ajs, & 521 nm
(516 nm in DIOX). The red-shifted excitation spectra of PDI,
and PDI; thin films compared to the monomer excitation
spectra in DIOX indicate the formation of J-type self-assembly
in the aggregated state of PDI, and PDI;."®'® Moreover, the
fluorescence emission spectra recorded for the PDI, and PDI;
thin films in PMMA at room temperature exhibited red-shifted
featureless emission profiles compared to the well-defined
monomeric emission observed in DIOX ( Fig. S19c¢, d and S20b).

Further, we have estimated the fluorescence quantum yields
(¢L) of PDI, and PDI; to probe the emissive nature of the PDI
dimers in a closely packed solid-state arrangement. PDI, and
PDI; showed reduced ¢y, of 0.88% and 0.53% in the solid-state,
respectively, compared to the ¢g;, estimated in the solution-
state in DIOX (16.20% for PDI, and 3.77% for PDI). The lower
¢r1 values of PDI, and PDI; in the solid-state indicate the
presence of nonradiative decay channels involved in the
excited-state dynamics of the PDI dimers in thin films."®

To obtain critical insights into the nonradiative decay path-
ways governing the excited-state dynamics of the PDI multi-
chromophoric assemblies in the solid-state, we performed
femtosecond transient absorption (fsTA) spectroscopic mea-
surements of PDI, and PDI; in thin films in PMMA (Fig. 2).
Upon photoexcitation at 480 nm with a 100 fs laser pulse, the
fsTA spectra of PDI, thin film depict negative ground-state
bleach (GSB) and/or stimulated emission (SE) at ~540 to
610 nm and two distinct positive excited-state absorption
(ESA) peaks centered at ~627 nm and ~707 nm (Fig. 2a).
The observed twin ESA peaks at ~627 nm and ~707 nm
correspond to the characteristic spectral signature of the per-
ylenediimide radical cation (PDI*") and radical anion (PDI*7),
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1213 The simultaneous occurrence of PDI*" and

respectively.
PDI*™ transient features represent the CSS, confirming the
SB-CS process in thin films of PDI, in a nonpolar PMMA
polymer matrix (¢ = 2.80-3.20). At longer time delays of
~150 ps, the CSS state decays to a relaxed CSS state (CSSyer)
with non-negligible blue-shifted ESA features. Similar excited-
state dynamics were observed for PDI; thin film in PMMA upon
photoexcitation at 480 nm. The fSTA spectra of PDI; thin film
depict GSB and/or SE at ~500 to 555 nm and ESA peaks at
~619 nm and ~698 nm (Fig. 2d). The two distinct ESA peaks
characterize the unique spectral feature of PDI*" and PDI* ",
confirming SB-CS in thin films of PDI; in PMMA.">"* The CSS
state in PDI; decays to a CSS, state with blue-shifted ESA peaks
at higher time delays of ~150 ps.

Global analysis was applied to the fsTA data of PDI, and
PDI; thin films to extract the evolution-associated spectra (EAS)
and the corresponding population dynamics of the excited-
states involved in the above-mentioned transformations. Repre-
sentative kinetic traces at selected wavelengths, along with the
globally fitted curves, are shown in Fig. S21a and b to illustrate
the accuracy of the fit. The EAS and the relative population
profile of PDI, demonstrated two principal components (Fig. 2b
and c). The first component (A) is assigned to the CSS state
formed due to SB-CS. The CSS state undergoes rapid vibrational
relaxation (tyg = 91.3 ps) to form the second principal compo-
nent (B). The component (B) is assigned to a CSS, state, which
decays to the ground-state via charge recombination (CR) with a
time constant of 7cg = 1.10 ns. Likewise, the EAS and the
relative population profile of PDI; exhibited two principal
components (Fig. 2e and f). The first principal component (A)
is attributed to the CSS state. The CSS state in PDI; decays via
vibrational relaxation (tyg = 100.5 ps) to form the CSS;e.
Further, the CSS, decays to the ground-state via CR within
Tcr = 1.07 ns. The immediate appearance of the CSS feature
upon photoexcitation shows that ultrafast CS occurs for PDI,
and PDI; in the solid-state within the ~110 fs instrument
response.'>'*'> Recently, we have reported SB-CS in mono-
meric solutions of PDI, and PDI; in a polar solvent like
acetone.'®'” The experimentally determined CS time constants
in acetone were tcs = 6.3 ps and 3.7 ps for PDI, and PDI;,
respectively. Notably, the SB-CS dynamics observed in the solid-
state for both molecules in this work are approximately an
order of magnitude faster than those measured in solution.
This could be due to the angular molecular design of PDI, and
PDI;, with core-twisted PDI units, which compels the molecules
to arrange in a J-aggregate type solid-state packing, promoting
the long-range quadrupolar effects'>'**° and short-range inter-
molecular n-n interactions'>>"** necessary for efficient charge
separation in the solid-state. Additionally, to understand the
matrix effects modulating the aggregation process, favouring
ultrafast SB-CS in the solid-state, we probed the feasibility of
SB-CS in PDI, and PDI; in another nonpolar (¢ = 2.60) polymer
matrix, polystyrene (PS). The deconvoluted fsTA spectra showed
the population of a broad singlet excited-state with partial
charge transfer character (Fig. S22)."> The absence of the
distinct ESA features of the CSS in the fsTA spectra confirmed

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 fsTA spectra of (a) PDI, and (d) PDIs in thin films in PMMA showing the excited-state dynamics upon photoexcitation. EAS reconstructed from
global analysis of the fsTA data of (b) PDI, and (e) PDI3 with the A - B — GS kinetic model, where A is the CSS, B is the CSS,e, and GS is the ground state
(Aex = 480 nm). Relative population profile of the excited-states fitted using the above kinetic models in (c) PDI, and (f) PDIs.

the infeasibility of SB-CS in PDI, and PDI; thin films in PS (refer
to SI for more details). The above result sheds light on the
crucial role played by PMMA in providing an optimum dielec-
tric environment and promoting favourable solid-state packing
necessary for ultrafast SB-CS.

Further, we measured the fluorescence lifetimes of PDI, and
PDI; thin films in PMMA (Fig. S23 and S24). The major
fluorescence lifetime component in PDI, (ty "P2 = 2.63 ns
(71%)) and PDI; (tp PP" = 2.60 ns (73%)) is in reasonable
agreement with the decay constants for the CSS, state in PDI,
and PDI; obtained from the global analysis fits of the solid-
state fSTA data in PMMA (refer to SI for more details).

To understand the arrangement and packing of the indivi-
dual monomers in the aggregate structure contributing to the
experimentally observed SB-CS dynamics, we optimized the
PDI, and PDI; aggregate ground-state geometries using DFT
at the B3LYP-D3/6-31G level of theory in Gaussian 16. The
optimizations were carried out employing a dimer model in
vacuum. The optimized structure of PDI, aggregate exhibited a
slip-stacked orientation between the monomers, where the two
planar PDI fragments are forced to arrange in a head-to-tail
fashion due to the ineffective stacking of the core-twisted PDI
fragments (Fig. S25a). Comparably, the optimized structure of
PDI; aggregate showed a slip-stacked arrangement between the
central PDI fragments (Fig. S25b). The interplanar distance
between the slip-stacked PDI fragments was computed to be
dinterplanar = 3-30 A and 3.66 A in PDI, and PDI; aggregates,
respectively (Fig. S25a and b).

To comprehend the role of intermolecular excitonic inter-
actions intrinsic to the spatial chromophore arrangement and
packing in the aggregate structure, we theoretically computed

This journal is © The Royal Society of Chemistry 2025

the long-range Coulombic coupling (Jcou) and the short-range
charge transfer-mediated coupling (Jcr) interactions in PDI,
and PDI; aggregates (Table S1). The Jcou interactions were
computed for the singlet excited-state with highest oscillator
strength (f) at the CAM-B3LYP-D3/DEF2-TZVP level of theory
using excitation energy transfer (EET) method in Gaussian 16
(Fig. S26a, b and Table S2).>** PDI, and PDI; exhibited
comparable Jcou values of —732.76 ecm ™' and —710.30 em ™},
respectively. The negative Joo, values reinstate the J-type
dipole-dipole excitonic interactions operative in the self-
assembled aggregate structures of PDI, and PDI;.'%**?° In
molecular aggregates, charge transfer (CT) plays a critical role
in excitonic coupling and dictating the optical properties of the
aggregates.””*® Jor was calculated according to the equation S3
given in supporting information. PDI, aggregate showed a
significant Jor of —85.22 cm™ ', whereas PDI; aggregate exhib-
ited weaker CT interactions, amounting to a Jcr of 37.92 cm™.
The smaller dincerplanar Of 3.30 A (Fig. S25a) and the effective
HOMO-HOMO/LUMO-LUMO overlap (Fig. S27) between the
J-type dimer stacks in PDI, aggregate structure contribute to
the theoretically observed higher strength of CT interactions.
On the contrary, the larger dinerplanar Of 3.66 A (Fig. $25b) and
the poor HOMO-HOMO/LUMO-LUMO overlap (Fig. S28)
between the J-type dimer stacks in PDI; aggregate structure
could be responsible for the lower strength of CT interactions.®
According to equation S4, the total excitonic coupling (Jrotal),
was estimated to be —817.98 cm™* and —672.38 cm ™' in PDI,,
and PDI; aggregates, respectively.

A plausible schematic Jablonski diagram summarizing the
mechanism of the SB-CS dynamics in PDI, and PDI; upon
photoexcitation is shown in Fig. 3. Compared to the S;* state
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Fig. 3 Schematic energy profile diagram summarizing the excited-state
dynamics of PDI, and PDIs in (left) solution as monomer and (right) thin
films in PMMA; Sg = ground-state, S;* = singlet excited-state; CSS =
charge separated state; CSSye = relaxed charge separated state; T, =
triplet excited-state. N. B.- The solution-state photophysics is adapted
from the previously reported energy profile diagrams.*®*

energy in solution, PDI, and PDI; exhibit a J-type excitonic
energy splitting upon aggregation in the solid-state. The initi-
ally populated excited-state shows an order of magnitude faster
charge separation in the solid-state compared to solution,
populating the CSS via SB-CS. In the solid-state, the CSS relaxes
to a lower vibrational energy level (CSS,e1), which recombines
radiatively to repopulate the ground-state, whereas in solution,
triplet excited-states are populated.*®*”

In summary, we have demonstrated ultrafast symmetry-
breaking charge separation (SB-CS) in angularly oriented PDI
multimers in the solid-state. A perylenediimide dimer (PDI,)
and a trimer (PDI;) were prepared with systematic enhance-
ment of core-twisted PDI fragments. Excitation and emission
spectra of PDI, and PDI; thin films in a nonpolar polymethyl
methacrylate (PMMA) polymer matrix exhibited broad red-
shifted excitation and emission bands compared to the mono-
mer photophysical properties in DIOX solvent. The red-shifted
excitation spectra of PDI, and PDI; thin films relative to their
monomeric counterparts in DIOX, suggest the emergence of J-
type aggregates in the solid-state assemblies of these chromo-
phores. Solid-state fSTA measurements of PDI, and PDI; in thin
films in PMMA matrix exhibited ultrafast charge separation
within the instrument response function (tcs <110 fs). The
optimized dimer structures of the PDI aggregates corroborated
the formation of J-type slip-stacked architectures. Theoretical
calculations substantiated the role of through-space long-range
intermolecular excitonic communication and shortrange m-n
interactions in the solid-state molecular packing driving the
ultrafast charge separation process. Therefore, this investigation
could be beneficial for designing SB-CS materials capable of solid-
state charge separation for advanced optoelectronic devices.
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