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Supramolecular method enabling effective
through-space charge transfer in thermally
activated delayed fluorescence materials with pure
orange emissiony
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Achieving efficient charge transfer remains a significant challenge for thermally activated delayed fluor-
escence (TADF) materials that rely on through-space charge transfer (TSCT). In this study, we successfully
applied a novel donor—acceptor pair characterized by non-exclusive charge transfer to TSCT-based TADF
polymers. We propose a supramolecular strategy to optimize charge transfer by regulating the spatial
arrangement of the donor—acceptor pairs. As the order of these pairs increases, localized emission from
monomers is gradually quenched, ultimately resulting in pure orange emission. Photophysical studies
reveal that improved spatial order accelerates the reverse intersystem crossing process, thereby enhancing
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the radiative transition rate of TADF emission and enabling efficient TSCT. This research offers a feasible
method for designing TSCT-TADF materials. The resulting supramolecular systems with ordered configur-
ations exhibit excellent energy and charge transfer performance, indicating their potential applications in

rsc.li/polymers optoelectronic devices, bioimaging, photodynamic therapy, and other fields.
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Introduction

Thermally activated delayed fluorescence (TADF) materials
based on through-space charge transfer (TSCT) have garnered
significant attention in recent years.'” Complementing
through-bond charge transfer (TBCT), TSCT facilitates an
efficient reverse intersystem crossing (RISC) process by the
complete spatial separation of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), resulting in a minuscule singlet-triplet energy gap
(AEgr).*® Additionally, TSCT offers possibilities for flexible
and versatile structural design and application.”® However,
achieving sufficient TSCT requires a strict donor-acceptor dis-
tance (0.3-0.5 nm)>'®'" and an appropriate spatial configur-
ation (face-to-face),’>"® which typically necessitate complex
synthesis procedures. This poses an enormous challenge in
the development of these materials. Moreover, impure emis-
sion caused by incomplete charge transfer often hinders the
application of TSCT-based TADF materials.
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Luminescent polymeric materials exhibit outstanding
photophysical properties and processability, providing feasible
and flexible platforms for applications such as organic light-
emitting diodes (OLEDs),'* sensing,'” bioimaging,'® and ther-
agnostic,"” representing the future direction of low-cost, high-
efficiency luminescent materials.'® Recently, impressive pro-
gress has been made in TSCT-based TADF polymers.*'*>* By
selecting appropriate monomers with donor or acceptor pro-
perties, TSCT-TADF polymers can be constructed conveniently
and effectively through polymerization reactions. Nevertheless,
existing reports usually emphasize the structure and modifi-
cation of monomers, while neglecting issues related to loose
packing and random donor/acceptor configurations.” In fact,
the influence of the microenvironment and intermolecular
interactions on emission performance is just as important as
the chemical composition.>® Therefore, investigating the
TSCT-TADF backbones and donor/acceptor arrangements is
essential for a profound understanding and advancement of
these materials.

Supramolecular polymers are defined as polymeric arrays in
which monomer units are connected through highly direc-
tional and reversible noncovalent interactions.>* Their block-
by-block self-assembly and multicompartment structures
provide a straightforward approach to regulating the mor-
phology, composition, and function of nanomaterials.>*™’
Self-assembling cyclic peptides are an important supramolecu-
lar polymer building block, capable of stacking into bottle-
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brushed nanostructures through multiple hydrogen bonding
interactions,”*?° and by attaching polymeric chains onto the
cyclic peptides, the assembled supramolecular polymers can be
endowed with various functions. Additionally, the unique mor-
phology of bottlebrush polymers has been shown to reduce
chain entanglement.’*** Recently, TSCT-TADF supramolecular
polymers have been successfully constructed via cyclic peptide—
polymer conjugates.®® Therefore, the distinct architecture of the
cyclic peptide-based supramolecular scaffolds may offer a prom-
ising platform to explore and optimize the donor-acceptor
spatial arrangements, potentially leading to enhanced TADF
efficiency and improved material performance.

In this work, 9,9-dimethylacridine (Ac) and 1,8-naphthali-
mide (NAI) derivatives are chosen to serve as the donor and
acceptor, respectively, for constructing TSCT-based TADF
materials. Initially, the as-synthesized polymer exhibited dual-
band emission: an orange TADF emission and a high-energy
peak at around 400 nm, which was identified as localized
emission (LE) from the acceptor due to the non-exclusive
charge transfer process. To eliminate the LE emission and
enhance colour purity, two strategies have been explored. The
conventional approach of introducing halogens to strengthen
spin-orbit coupling (SOC) and donor-acceptor interaction was
found to be unsatisfactory. Instead, a more effective supramo-
lecular strategy involving the construction of bottle-brushed
supramolecular polymers with an orderly donor-acceptor
arrangement via a cyclic peptide-based scaffold has been pro-
posed (Fig. 1). As anticipated, increasing the degree of order
gradually suppressed the LE emission, ultimately achieving a
pure orange emission. Photophysical studies revealed that this
pure colour emission could be attributed to the ultrafast RISC
rate (1.40 x 10”7 s7') in the orderly configuration. This high-
lights the critical role of donor/acceptor arrangements in
TSCT-based TADF materials. By optimizing the spatial arrange-
ment of donor and acceptor moieties using the supramolecu-
lar method, it is possible to achieve more efficient TADF pro-
cesses and suppress unwanted emissions, thereby paving the
way for the development of high-performance luminescent
materials with superior colour purity.
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Fig. 1 (a) Cartoon illustration of TSCT-TADF materials constructed via
covalent and supramolecular polymerization with various degrees of
order; (b) chemical structures of cyclic peptide-based TSCT donor/
acceptor conjugates.
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Results and discussion

Several compounds based on Ac and NAI with different con-
nections were prepared to access the feasibility of constructing
TSCT-TADF systems via this novel D-A pair. As shown in
Fig. 2a, both the small molecule via TBCT, Ac-NAI, and the
TSCT-based polymer, p(Ac-co-NAI), displayed two emission
bands. The dominant emission, observed around 600 nm,
corresponds to an intense orange colour, similar to previously
reported D-A type TADF materials based on Ac and NAL’**?°
The emission of Ac-NAlI is red-shifted by approximately 50 nm
compared to that of p(Ac-co-NAlI), likely due to the better
overlap of the HOMO and LUMO electron clouds resulting
from covalent connection. Additionally, a high-energy peak at
around 400 nm, coinciding with the emission of NAI, was
detected. Notably, no long-wavelength emission band was
observed in the mixture of small molecule monomers, empha-
sizing the essential role of the donor-acceptor spatial arrange-
ment in TSCT-TADF systems. The 2D excitation-emission
contour map of p(Ac-co-NAI) further confirms that both emis-
sion bands originate from the same source (Fig. 2b).

To further explore the origination of dual-band emission,
copolymers with different donor/acceptor ratios were syn-
thesized. The orange emission showed no significant shift
with the increase of the acceptor ratio, while the high-energy
emission decreased continuously until the donor/acceptor
ratio reached balance, at which point the relative intensity was
at its lowest. Further increase in the acceptor ratio led to a
marked enhancement of the high-energy emission (Fig. 2c).
Therefore, the high-energy emission could be identified as LE
of the acceptor, occurring by non-exclusive charge transfer.
Photoluminescence (PL) spectra of p(Ac-co-NAI) were also
measured in various organic solvents. The long-wavelength
emission band exhibited strong dependence on solvent
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Fig. 2 (a) Normalized PL spectra of Ac monomer, NAI monomer, an
equimolar mixture of Ac and NAI, covalently connected Ac-NAl, and the
TSCT-based polymer p(Ac-co-NAl) in toluene; (b) two-dimensional
excitation—emission contour map of p(Ac-co-NAl); (c) normalized PL
spectra of p(Ac-co-NAl) copolymers with varying donor/acceptor ratios;
(d) normalized PL spectra of p(Ac-co-NAl) in different solvents showing
the solvatochromic effect of the TADF peak; (e) PL lifetime decay
profiles and steady-state PL spectra (insert) of p(Ac-co-NAl) in ambient
and degassed toluene; (f) temperature-dependent emission spectra of
p(Ac-co-NAl).
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polarity, with a wavelength shift of up to 60 nm, indicating a
distinct CT transition between the Ac and NAI units (Fig. 2d).
Conversely, the LE emission displayed only a 10 nm shift,
typical of fluorescence (Fig. S11). Both steady-state PL spectra
and lifetime decay profiles of the orange emission revealed
high sensitivity to oxygen, with stronger emission intensity
and longer lifetimes observed under nitrogen, suggesting the
involvement of triplet states (Fig. 2e). The lifetime decay
profile of the orange emission band in air was fitted with two
distinct lifetimes: a delayed lifetime (z4) of 1312.2 ns and a
prompt lifetime (z;,) of 24.0 ns. In contrast, the LE emission
was nearly unaffected by oxygen (Fig. 2e and Fig. S2}), consist-
ent with typical fluorescence behaviour. Most importantly, the
TADF process was directly observed through temperature-
dependent fluorescence spectra. As the temperature increased
from 275 K to 288 K, the orange emission intensified continu-
ously. Further temperature increases led to a decrease in emis-
sion intensity, attributable to enhanced non-radiative tran-
sitions caused by molecular thermal motion (Fig. 2f). In
summary, Ac/NAI were successfully utilized to activate
TSCT-TADF. However, the incomplete charge transfer process
resulted in intense LE emission, which substantially reduced
both the colour purity and TADF emission efficiency.

To eliminate the LE emission, intramolecular modification
is the most classical approach. Halogen atoms (-Cl and -Br)
were introduced due to their ability to strengthen D-A inter-
action and SOC. The absorption spectra of D-A copolymers
with halogen-substituted NAI exhibited broader profiles com-
pared to the pristine p(Ac-co-NAI), suggesting a stronger intra-
molecular interaction in the ground state (Fig. 3a). Additional
evidence for the enhanced D-A interaction was provided by "H
NMR spectroscopy. Prior to polymerization, the chemical
shifts of the B-position protons on the donor acridine
remained consistently at 7.32/7.34 ppm, irrespective of the
variations in acceptors (Fig. S31). However, in the as-syn-
thesized polymers, as the electronegativity of the NAI substitu-
ent increased (-Br > -Cl > -H), the signals of the same protons
gradually shifted upfield. This shift could be attributed to the
deshielding effect caused by the enhanced D-A interaction
(Fig. S47). As excepted, introducing halogens suppressed the
proportion of LE emission. However, a significant red-shift in
the TADF emission was observed, from 610 nm of p(Ac-co-NAI)
to 656 nm of p(Ac-co-NAIBr), accompanied by a notable
decrease in photoluminescence quantum yields (PLQY) from
2.17% of p(Ac-co-NAI) to 0.94% of p(Ac-co-NAIBr) (Fig. 3b and
Table S1t). Transient fluorescence spectroscopy revealed that
as the mass of the substituent atom increased, the proportion
of the delayed lifetime (z4) significantly increased, while both
decay lifetimes shortened. This is consistent with the charac-
teristics of heavy-atom-accelerated ISC (Fig. 3c).

Cyclic voltammetry provided insight into the energy levels
of electrons in these TSCT-TADF systems (Fig. S5-S71). As
shown in Fig. 3d and Table S2,f the LUMO level decreases
from —3.17 eV to —3.30 eV as the electron-accepting ability
enhances in the order of NAI, NAICl, and NAIBr, which
accounts for the observed red-shift in the TADF emission.
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Fig. 3 (a) UV-Vis absorption spectra of TSCT-TADF polymers with
different acceptor substitutions; (b) normalized PL spectra of
TSCT-TADF polymers with different acceptor substitutions (insert:
photograph under UV light showing emission shift with different accep-
tor substitution); (c) PL lifetime decay profiles of TSCT-TADF polymers
with different acceptor substitutions; (d) illustration of energy transfer
process involved in TSCT.

While the substitution of the acceptor promotes the TSCT
process to some extent, the LE emission remains unignorable.
Additionally, the disturbance to the energy levels caused by
these modifications leads to unavoidable emission shifts and
quenching, which hinder the practical applications of
TSCT-TADF materials. Thus, it can be concluded that intra-
molecular modification is not the most ideal approach for
optimizing the colour purity of TSCT-TADF materials.

As an alternative approach to enhancing donor-acceptor
(D-A) interactions, the photophysical properties of p(Ac-co-
NAI) were investigated in its solid-state form. This approach
promotes closer packing of the donor and acceptor units
without perturbing the energy levels. In comparison to its
behaviour in solution, the as-prepared film exhibited a pure
blue-shifted TADF emission at 578 nm (Fig. 4a), along with an
improved PLQY of 4.39%. In the film state, the prompt lifetime
of the orange emission, representing the fluorescence constitu-
ent, significantly increased (62.4 ns vs. 24.0 ns), in line with
the suppression of non-radiative transitions in a rigid environ-
ment. Interestingly, the delayed lifetime slightly decreased
(1291.3 ns vs. 1312.2 ns), suggesting that molecular aggrega-
tion might play a role in regulating the TSCT-TADF properties
(Fig. S8t). Further exploration using concentration-dependent
PL spectra confirmed the existence of aggregation-induced
emission (AIE) and suggested that this AIE effect likely orig-
inates from inter-chain interactions (Fig. S91). These insights
highlight the possibility of using supramolecular chemistry,
which focuses on the fabrication of ordered structures via non-
covalent interactions, to regulate the emission properties of
TSCT TADF materials. By leveraging the unique characteristics
of supramolecular assemblies, it might be possible to fine-

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) PL excitation and emission spectra of p(Ac-co-NAl) film
(insert: photograph of p(Ac-co-NAl) film under a UV lamp); (b) UV-Vis
absorption spectra of TSCT-TADF polymers with/without cyclic
peptide-based supramolecular scaffold; (c) normalized PL spectra of
TSCT-TADF systems with different D/A arrangement; (d) water fraction-
dependent PL spectra of supra [Ac-NAl]-1l in THF/water mixed solvents
(insert: photograph of supra [Ac-NAl]-1l in THF/water mixed solvents
with increasing f,, under a UV lamp); (e) CIE 1931 diagram of TSCT-TADF
species with different D/A arrangement (insert: photograph of different
TSCT-TADF systems under a UV lamp); (f) PL lifetime decay profiles of
TSCT-TADF systems with different D/A arrangement.

tune the spatial arrangement of donor and acceptor units,
thereby optimizing the photophysical properties without the
drawbacks associated with intramolecular modifications.

To test our hypothesis, two types of assemblies were
initially prepared in aqueous solution. The first one was con-
structed by covalently attaching a hydrophilic polymer chain
(poly(N,N-dimethylacrylamide), pDMA) to the D-A copolymer
to form an amphiphilic copolymer, p[Acs-co-NAI;5]-b-pDMAgo,
which subsequently self-assembled into a micellar structure.
The second one utilized cyclic peptide-based supramolecular
scaffold to co-assemble TSCT donor/acceptor pairs (CP-pAci-
b-pDMA¢,@CP-NAIL, marked as supra [Ac-NAIJ-I) (Fig. S10 and
Table S31). When comparing the two, it was found that the
cut-off edge of the UV-Vis absorption spectrum for the latter
one exhibited a significant red shift at the same concentration.
A distinct charge transfer absorption band was observed
beyond 380 nm, which did not belong to the absorption of any
individual donor or acceptor component (Fig. 4b). This
demonstrates that efficient donor-acceptor interactions can be
induced within the supramolecular scaffold. However, contrary
to expectations, this configuration did not enhance colour
purity. In supra [Ac-NAI]-I, the LE emission was even stronger
than the TADF emission (Fig. 4c), indicating that the donor-
acceptor interactions alone might not be sufficient to optimize
emission performance.

To further investigate the role of spatial arrangements in
TSCT-based TADF materials, a second supramolecular system,
termed supra [Ac-NAIJ-II, was designed. This system featured a
more ordered donor-acceptor configuration, achieved by co-
assembling a cyclic peptide-based donor conjugate (CP-pAc;,-
b-pDMA,) with a donor-acceptor conjugate (CP-p[Acs-co-NAL;]-
b-pDMA,) (Fig. S10 and Table S37). As expected, the newly syn-
thesized supramolecular polymer exhibited nearly quenched
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LE emission and pure TADF emission compared to the pre-
vious two, likely due to more efficient intermolecular CT result-
ing from its more ordered structure (Fig. 4c). Photophysical
analysis of supra [Ac-NAIJ-II in THF/water mixed solvent
systems further confirmed the presence of interchain CT. At
lower water fraction (f;,), interchain CT is ineffective, resulting
in only LE emission. As f,, increases, LE emission slightly
intensifies due to the growing concentration of the acceptor in
the hydrophobic microenvironment. Once f,, reaches 40%,
interchain CT is activated, enabling TADF emission. With
further increases in f,, TADF emission continues to enhance.
At very high water fractions (>90%), strong interchain CT inter-
actions completely suppress LE emission, resulting in pure
orange emission (Fig. 4d). Additionally, the normalized emis-
sion spectra of supra [Ac-NAI[-II in water remained consistent
across a wide concentration range, owing to the strong binding
affinity of the cyclic peptides (Fig. S11t), further highlighting
the advantage of the supramolecular strategy.

By comparing the as-prepared different TSCT systems, it
can be concluded that the spatial ordering of the donor/accep-
tor plays a crucial role in modulating the emission properties.
As illustrated in Fig. 1, in a completely disordered state, when
donor and acceptor monomers are mixed in an organic solvent
(Ac-mix-NAI), TSCT could not be observed. In supra [Ac-NAI[-,
donors and acceptors are randomly distributed but confined
within a hydrophobic microenvironment framed by the cyclic
peptide-based supramolecular scaffold. While this confine-
ment allows some TSCT to occur, the process is incomplete,
resulting in a pronounced LE band. In TSCT copolymers
formed through covalent bonding, the donors and acceptors
are partially ordered within individual polymer chains.
However, the random entanglement between chains leads to a
disorder state in the condensed phase, which still results in
significant LE. The supra [Ac-NAI-II system, with its bottle-
brushed structure, reduces chain entanglement, and facilitates
a more ordered arrangement of donor-acceptor pairs. This
more organized structure enhances interchain CT, effectively
suppressing LE emission and therefore leading to pure colour
emission (Fig. 4e). The results highlight the critical role that
donor-acceptor spatial arrangement plays in optimizing
TSCT-TADF emission properties.

Time-resolved fluorescence spectroscopy provided insight
into the kinetics underlying these observations (Fig. 4f). As the
degree of D/A ordering increased, the radiative transition rate
(k;) in the TSCT-TADF assemblies showed significant accelera-
tion. Specifically, k. increased from 1.62 x 10° s™* in a confined
disordered configuration, to 1.97 x 10° s™' in a partially
ordered configuration, and finally to 2.70 x 10° s™* in the fully
ordered configuration (Table S4t). A more pronounced effect
was observed for the reverse intersystem crossing rate (kyisc). In
the highly ordered supra [Ac-NAIJ-I, ks reached 1.40 x 107
s', which is 11 times faster than that of supra [Ac-NAIJI (con-
fined disordered configuration, 1.28 x 10° s™'). This marked
increase in k. confirms the enhancement of CT interactions
with greater D/A ordering. In contrast, the ks values in other
TSCT-TADF systems are much lower than the &, of NAI (3.79 x
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107 s7', Fig. $121), resulting in partial exciton recombination
through localized exited states and an incomplete TADF
process (Table S41). These findings highlight that achieving a
more ordered D/A arrangement is critical for enhancing the
efficiency and completeness of the TADF process, effectively
eliminating LE and enabling pure colour emission. By pre-
cisely manipulating molecular aggregation and packing
through this supramolecular strategy, significant improve-
ments in emission properties can be achieved via enhanced
interchain CT interactions.

Given the involvement of triplet states in the TADF emis-
sion process, we hypothesized that the unsatisfactory PLQY of
the AC-NAI-based TSCT-TADF system (below 5%) could be
attributed to competing energy transfer pathways, such as the
generation of singlet oxygen (*O,). To test this proposition, we
evaluated the 'O, generation capabilities of supra [Ac-NAIJ-I
and its constituent building units using 9,10-anthracenediyl-
bis(methylene) dimalonic acid (ABDA) as a probe. As expected,
under continuous irradiation with a 350 nm light, the absorp-
tion of ABDA continuously decreased, indicating the gene-
ration of 'O, (Fig. 5a). In contrast, the control group showed
negligible decrease upon photoirradiation (Fig. S13t), confirm-
ing that 'O, generation was specific to the tested system.
Notably, the 'O, generation rate of supra [Ac-NAIJ-II was sig-
nificantly accelerated, being 6.4 times faster than that of the
donor polymer segment (pAc;o-b-pDMAg), and 13.3 times
faster than the DA-copolymer segment (p[Acs-co-NAI;]-b-
PpDMAg,) (Fig. 5b). These results indicate that the self-assembly
process in supra [Ac-NAI[-I significantly increases photosensi-
tization efficiency. Given it compatibility with aqueous
environment, large Stokes shift, and capability to generate '0,,
supra [Ac-NAI}-1I emerges as a promising multifunctional plat-
form for photodynamic therapy (PDT), especially for targeted
cellular treatments.***’
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Fig. 5 (a) UV-vis absorption spectra of supra [Ac-NAl]-1I/ABDA mixture
under continuous irradiation (350 nm); (b) *O, generation efficiencies of
supra [Ac-NAl]-1l and its building units monitored by recording the
absorbance of ABDA at 400 nm; (c) normalized UV-vis absorption
spectra (solid curves) and fluorescence spectra (dash curves) of supra
[Ac-NAI]-Il and CP-Cy5.5; (d) fluorescence spectra of supra [Ac-NAl]-II
co-assembled with different molar ratios of CP-Cy5.5; (e) energy trans-
fer efficiency (&gy) at different CP-Cy5.5 molar ratios; (f) scheme of
multi-channel photo-functional system based on supra [Ac-NAll-Il.
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Supramolecular systems based on cyclic peptide-based
scaffolds have demonstrated significant efficiency in energy
transfer processes.*®*° Inspired by our previous studies, we
selected the fluorescent dye Cy5.5, whose absorption spectrum
closely matches the emission spectrum of supra [Ac-NAIJ-II, as
the energy acceptor to construct a thermally assisted fluo-
rescence (TAF) system (Fig. 5¢). As excepted, an effective energy
transfer process was observed when co-assembling CP-Cy5.5
with supra [Ac-NAIJI. As the molar ratio of CP-Cy5.5
increased, the TADF emission at 582 nm progressively attenu-
ated, while a concomitant enhancement of a near-infrared
(NIR) emission of Cy5.5 at 720 nm was observed, under an
excitation of 350 nm (Fig. 5d). Time-resolved fluorescence
spectroscopy provided further compelling evidence of Forster
resonance energy transfer (FRET). In the as-prepared TAF
system, the lifetime of TADF emission was shortened,
accompanied by a significant increase in the NIR emission life-
time compared to directly excited Cy5.5 (Fig. S147). To quanti-
tatively assess the performance of the TAF system, we calcu-
lated the energy transfer efficiency (Pgr) at different molar
ratios of supra [Ac-NAI|-II and CP-Cy5.5. The &gy increased
with the increase of CP-Cy5.5 molar ratio, reaching a
maximum of 82.5% at an Ac/NAI/Cy5.5 molar ratio of 900/300/
20 (Fig. 5e). Compared to supra [Ac-NAI|-II, the PLQY of the
TAF system at maximum @gr increased by approximately 4.6
times (5.66% vs. 1.24%), and the full width at half maximum
(FWHM) of the emission spectrum narrowed by 91 nm (47 nm
vs. 138 nm). The supramolecular TAF system based on
TSCT-TADF provides a feasible approach to integrate multiple
photo-functions within a single system via electron transition
or energy transfer mechanisms, thereby expanding its poten-
tial applications (Fig. 5f).

Conclusions

A novel D-A pair was developed to construct TSCT-TADF
materials. Due to non-exclusive charge transfer, an extra LE
emission was observed alongside the TADF band. To address
this, self-assembling cyclic peptide-based supramolecular
scaffolds were introduced to promote an ordered D/A arrange-
ment. As the degree of order increased, the LE emission
diminished, ultimately yielding a pure orange emission.
Photophysical studies revealed that this pure colour emission
resulted from efficient inter-chain CT, evidenced by an ultra-
fast RISC rate (1.40 x 10’ s') in the highly ordered configur-
ation. Supramolecular polymers with pure orange emission
were demonstrated to exhibit multi-channel energy transfer,
offering a versatile platform for integrating various photo-func-
tions within a single system. Crucially, this approach provides
a facile and universal solution to avoid incomplete charge
transfer-cased localized emission in TSCT-based TADF
materials, facilitating the realization of pure colour emission.
This advancement is expected to accelerate the development
and application of TSCT-TADF materials in areas such as
display, sensing, bioimaging, and beyond.

This journal is © The Royal Society of Chemistry 2025
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