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ularly polarized afterglow by
stepwise chiral amplification in BINAPs/BINAPOs†

Bo Yang,a Suqiong Yan,a Shirong Ban,a Hui Ma,a Yuan Zhang,a Fanda Fenga

and Wei Huang *ab

Overcoming spin-forbidden radiation in chiral phosphors has attracted enormous attention because of

their capacity to exhibit circularly polarized organic ultra-long room temperature phosphorescence (CP-

OURTP). However, their development has been hindered by the short lifetimes and low dissymmetry

factors, which are attributed to the differing parity selection rules that govern the electric and magnetic

dipole moments in chiral molecules and poor triplet populations via intersystem crossing (ISC).

Considering stepwise chiral amplification at molecular and supramolecular aspects, herein, we first

reported donor-decorated BINAPs/BINAPOs with tunable D–A character and triplet incubation, which

could enable hybridized local and charge-transfer (HLCT) characteristics, heavy atoms, and p–p* effects.

These emitters could serve as guests in the polymer matrix. The doped phosphorescent polymer exhibits

unimolecular circularly polarized luminescence (C) with high quantum efficiency, impressive CP-OURTP

lifetimes (up to 1.02 s), and decent dissymmetry factors (10−3 level). Comprehensive studies unveil that

the impressive CP-OURTP from monomer emission is ascribed to the 1HLCT-controlled ISC, long-lived
3LE-governing triplet radiation, and superior electric–magnetic dipole moment environments. Moreover,

given the high RTP activity of rigid polymerization, we demonstrate their potential application in CP-

OURTP amplification. Using in situ chiral liquid crystal polymerization, RM257 liquid crystals doped with

0.1–1.0 wt% PO1 guests demonstrate a secondary helical assembly, showing an amplified gCP-RTP factor

(±0.11) and a long lifetime (0.83 s) after photopolymerization. The current materials' excellent

performance in CP-OURTP and structural dependence could lead to their use in afterglow patterns for

multiple optical encryption.
Introduction

The exploitation of organic chiral materials with optimized
luminous efficiencies and multiple exciton harvest channels is
a stepping stone for light-emitting materials, such as circularly
polarized organic light-emitting diodes (CP-OLEDs)1–3 and
chirality-induced spin electronics.4 In contrast, the develop-
ment of CP-OURTP materials has been extremely slow.5–10

However, CP-OURTP unlocks opportunities for promising
applications in circularly polarized phosphorescent OLEDs,11,12

3D imaging,13 biological imaging,14 and photodynamic
therapy.15 Up to now, the gCP-RTP factor of reported CP-OURTP
emitters has struggled to exceed ±0.1 and they have synchro-
nously suffered from poor quantum efficiency and inferior
phosphorescence lifetimes (sphos).16 Although some progress
has been made through rational molecular design and dual-
emissive material design,17–23 efficient unimolecular CP-OURTP
istry, School of Chemistry and Chemical

10023, P. R. China. E-mail: whuang@
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the Royal Society of Chemistry
is still scarce for simple small molecules.24–30 Therefore,
exploiting high-performance CP-OURTP backbones with jgCP-
RTPj > 0.1 and sphos > 0.5 s is urgent for material applications.

In principle, two aspects might be thoroughly considered in
the design of RTP emitters. For instance, heteroatom/heavy
insertion and self-assembly strategies have been proposed to
accelerate spin–orbit coupling (SOC) and spin-ipping rates
based on the El-Sayed rule.27–30 Meanwhile, the facile modula-
tion of charge transfer by structural tailoring is important for
differing parity selection rules that govern the electric and
magnetic dipole moments in an ideal circularly polarized light
pump.22,31,32 Recently, the HLCT tactic has become a novel
design landscape in hot-exciton emitters, which has beneted
from the conspicuous ISC or high-lying reversal ISC (hRISC)
processes and triplet populations via hybrid LE and CT
transitions.33–35 Their selective ISC/RISC avenues could be
adjusted by optimizing energy levels and CT components at
† Electronic supplementary information (ESI) available: Experimental section;
NMR and SCXRD identication of compounds; theoretical calculations;
additional gures/charts/tables (PDF); videos of the CP-OURTP phenomenon
for materials (ZIP). CCDC 2344550. For ESI and crystallographic data in CIF
or other electronic format see DOI: https://doi.org/10.1039/d4sc08710k
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molecular levels, leading to phosphorescent aerglow or ther-
mally active delay uorescent (TADF) aerglow.36,37

Recently, many researchers have been inspired by p–p*/n–
p* effects and have presented new design protocols to control
RTP emergence in phosphorus compounds. For instance, some
donor-substituted phosphines and their oxides/phosphoniums
have demonstrated crystalline RTP emission, where resonance-
induced ISC strengthens and mixed p–p* & p–p* transitions
and intermolecular electron coupling are responsible for better
triplet populations.38–47 Although some rigid crystals show CP-
OURTP with low g factors (Fig. 1a, jgCP-RTPj = 10−3 level),48,49

their emission is annihilated in solution and doped polymers
because of structural motion, where the emission is driven by
rigid electronic interactions from both intra- and intermolec-
ular components, as opposed to those derived solely from
unimolecular entities.48,50 This limits the possibility of desired
CP-OURTP amplication by simple doping dispersion and
complex chiral self-assembly.

For a typical BINAP matrix, the orthotropic orientation and
structural motion of two naphthyls create inefficient p-exten-
sion, weak light absorbance, and limited triplet populations,50,51

which prevent the visible light radiation of phosphorescence
Fig. 1 (a) The well-known design of phosphorus compounds for RTP/CP
of CP-OURTP active BINAPs. Schematic CP-RTP enhancement by stepw

9394 | Chem. Sci., 2025, 16, 9393–9405
and uorescence in the unimolecular state. As demonstrated by
Wu et al., racemic BINAP crystals possess p–p* & p–p* transi-
tions and weak RTP in the microsecond range (Fig. 1a).50 In
addition, Kono et al. reported that BINAP doped polymethyl
methacrylate (PMMA) lms have circularly polarized uores-
cence (CPF) in the UV region (lem = 355 nm, fPL = 3%, and gCPF
z 10−4). Similarly, their oxides (BINAPOs) display low CPF
performances (lem= 354 nm, fPL= 7%, and gCPF z 1.2× 10−3).
However, the phosphorescence has not beenmentioned in their
report due to weak emissive status.51 Based on this context and
quantum chemistry computation-guided molecular design, we
suppose that the chiral electronic transition could be partly
switched from p–p* to HLCT by integrating the weaker D–A
moiety with signicant steric hindrance (Fig. 1b). The presence
of HLCT andmultiple p–p* effects stemming from the lone-pair
electrons residing on the N and heavy P atoms can facilitate the
acceleration of ISC, which successfully produces stable triplet
populations. Thus, these emitter-doped PVP or PMMA could
emit CP-OURTP with decent uorescence and phosphorescence
glum metrics (gCPF = 6.4 × 10−3 and gCP-RTP = 3.0 × 10−3) and
long RTP lifetimes (up to 1.02 s), which are signicantly higher
than those of previous chiral phosphines and BINAP. In
-OURTP. (b) TD-DFT guided molecular design and chemical structures
ise chiral induction and the amplification mechanism.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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addition, the multiple SOC channels and high-lying reversal ISC
(RISC) processes can be altered by manipulating the P-atom
valence state or donor, which subsequently enables efficient
uorescence or RTP in solution, solid, and polymer states,
transcending the limitations of phosphine crystals for exible
device manufacturing. Importantly, assisted by the chiral
induction between the PO1 phosphor and polymerization
precursor (RM257), chiral liquid crystal structures and rigid
environments are obtained synchronously via chiral photo-
polymerization (Fig. 1b). Finally, these helical lms exhibit an
amplied gCP-RTP factor of ±0.11 and a lifetime of 0.83 s.
Results and discussion
Molecular design, synthesis, and characterization

Conventional phosphines and their derivatives (Fig. 1a) typi-
cally suffer from a low quantum efficiency (fPL) and small p-
conjugation, making them unsuitable as CP-RTP emitters. For
example, commercial BINAPs only show weak CPF in the UV
region.51 At rst, we have explored their triplet situation in
a unimolecular state according to low-temperature phospho-
rescence measurements. As shown in Fig. 2, the (R)-BINAP in 2-
methyltetrahydrofuran can emit both uorescence and phos-
phorescence at 77 K (Fig. 2c). The uorescent and phospho-
rescent bands are centered at 367 and 500 nm, respectively. The
phosphorescence lifetime reaches up to 1.2 s (Fig. S1c†).
Moreover, the (R)-BINAP-doped PVP lm facilitates weak uo-
rescence and green RTP emission (sphos = 0.4 s, Fig. 2d and f),
which is identical to that in cryogenic solutions. For this long-
lived triplet decay, time-dependent density functional theory
(TD-DFT) calculations reveal hybrid p–p* & p–p* transitions for
S0 / S1/Tn (Fig. 2b), which cause limited ISC because of large
single-triplet splitting energy (1.07 eV) and a small SOC element
(0.40 cm−1, Fig. 2e and S2†). Unfortunately, its fPL is too low
(2.4%). This discovery motivates us to further optimize the
molecular structure, especially for energy level optimization
and quantum efficiency improvement.

Based on the inspiration of similar valence electrons and
electronegativity of N and P elements, extended electron-rich
arylamines in BINAP are benecial for incubating extra CT
characteristics and enhancing quantum efficiencies. However,
the best chiral transition environment during the emission is
also required. At rst, gabs is predicted using the formula
according to the density functional theory (DFT):52

gabs ¼ 4
mm � me

jmmj2 þ jmej2
cos qe-m

BINAP and ve BINAP derivatives have been simulated using
TD-DFT calculations. Interestingly, BINAP possesses
a moderate qe-m of 31.3° and jgabsj of 0.01. However, the qe-m

values are increased for 3,30/4,40-substituted BINAPs, in which
the mm and me are orthometric, resulting in worse chiral
conditions. The qe-m values are decreased from 4,40 to 7,70-
substituted BINAPs, while the gabs factors are gradually
increased (Fig. 2a and S3†). The 7,70-substituted BINAPs could
employ an outstanding S0 / S1 transition (jgabsj = ∼0.01),
© 2025 The Author(s). Published by the Royal Society of Chemistry
which is very close to that of the BINAP matrix. Following this
theoretical guidance, we introduce donors of N-phenylcarbazole
(CZ) or triphenylamine derivatives (TPAs) at 7,70-positions to
build rigid and weak D−A systems.53,54 Moreover, by oxidation
of tervalent phosphines, pentavalent D–A emitters are facilely
established to modulate the electronic structure and lumines-
cence (Fig. 1b).

The synthesis and separation of target racemic P1–P3 are
achieved according to the protocol in our recent work (Fig.
S4†).55,56 P1 and P2 could be resolved into their pure enantio-
mers by high-performance liquid chromatography (HPLC) on
chiral stationary phase columns of CHIRAL IE or CHIRAL IB-N5
(>99% ee, Fig. S5†). Employing oxidation by hydrogen peroxide,
extra PO1–PO3 emitters are obtained in equivalent yields. The
structures of products are conrmed by nuclear magnetic
resonance (NMR), high-resolution mass spectrometry (HRMS),
and single-crystal X-ray diffraction (SCXRD, see the ESI† for
details).

X-ray diffraction analyses

The SCXRD analysis of (Rac)-P3 (CCDC 2344550) reveals a C2-
symmetrical conformation with an axially chiral dihedral angle
of 75.7°, a large N/P isolation of 9.40 Å, and a P/P distance of
3.88 Å (Fig. 2h and S6†), implying intramolecular charge
transfer potential within the compound. The periodic (R) and
(S)-isomers of P3 are packed in cells without obvious p–p

interactions by virtue of nonplanar geometry (Fig. 2i and S6a–
f†), which is well conducive to suppressing the p–p aggregation
and uorescence quenching. DFT-optimized P3 has N/P and
P/P lengths of 8.66 and 4.18 Å, respectively. Aer the oxidation
of P-atoms to afford PO3, a shorter N/P distance (8.58 Å) but
longer P/P separation (4.31 Å) is established according to the
density functional theory (DFT) simulation (Fig. S6g†). Due to
the repulsion of two P]O units, the dihedral angle of naphthyl
exhibits a more splayed conguration with a larger degree of
80.6°, which could inuence the electron transfer process and
optical properties. In contrast to the precursor, the chiral
dihedral angle of P3 (75.7°) is smaller than that of BINAP
(88.5°), while the P/P distance also follows this tendency
(Fig. 2g and h).

Theoretical studies

We performed DFT theoretical calculations at the B3LYP/6-
31G(d) basis57 set for all compounds to understand the frontier
orbitals and excited-state properties (Fig. S7–S23†). Both
compounds adopted similar scissor-like congurations with the
BINAP core, consistent with the single-crystal structure (Fig. 3a).
The highest occupied molecular orbital (HOMO) electrons are
equally distributed across carbazole and binaphthyl cores but
the lowest occupied molecular orbital (LUMO) electrons are
predominantly localized on binaphthyl moieties in P1 (Fig. 3a),
which facilitate typical HLCT in the electron excitation
process.34,58 In addition, P1 displays a small tindex value (0.034 Å)
and hole–electron centroid distance (Dindex = 1.82 Å), coupled
with a substantial Sr function of 0.61 a.u. (denotes overlap
integral of electrons and holes over 61%; the denitions of
Chem. Sci., 2025, 16, 9393–9405 | 9395
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Fig. 2 (a) Target chemical structures with two TPA groups at different positions. Their qe-m and gabs factors are obtained using TD-DFT
calculations. (b) Electron and hole distribution analysis of S0/ S1, T1, and T8 transitions. (c) PL and delay PL (DPL) emission of (R)-BINAP in 2-Me-
THF at 77 K (delay 0.1 s, lex = 320 nm). (d) PL and DPL emission of (R)-BINAP@PVP at 298 K (0.5 wt%, delay 0.1 s, lex = 320 nm). (e) The energy-
level diagrams and SOC coefficients (xsoc) for (R)-BINAP. (f) Lifetime decay profiles of (R)-BINAP@PVP at 298 K. (g and h) Single crystal structures
of BINAP and (Rac)-P3, respectively. The H-atoms are omitted for clarity. (i) Crystal packing of (Rac)-P3.
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tindex, Dindex, and Sr functions are given in the DFT calculation
section in the ESI†),59,60 indicating partial CT contributions in
this weak D–A structure. Notably, as the donor character
increases from P1/PO1 to P3/PO3, a gradual separation between
the HOMO and LUMO is observed, resulting in more efficient
CT and an orbital gap (DEH-L) decrease from 3.77 to 3.40 eV. The
HOMO level is elevated, while the LUMO is decreased.
9396 | Chem. Sci., 2025, 16, 9393–9405
Moreover, the calculated oscillator strengths (f) of S1 are
increased with donor strength.

The singlet and triplet energy levels and key transition
congurations calculated using TD-DFT are illustrated in
Fig. 3b, c, and S10–S23.† Both P(III) and P(V) compounds (S1-
geometry) have distinct S1–T1 energy gaps (0.85 to 0.20 eV),
where the gaps are smaller for TPA substitutes because of
signicant CT components. The lowest triplet level of T1 is close
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Theoretical calculation. (a) The analysis of HOMO and LUMO distributions and their calculated energy gaps of DEH–L (isovalue= 0.02). (b)
Luminescence mechanism of the HLCT-governed CP-OURTP emission for the doped films based on weak D–A–D emitters. (c) The energy-
level diagrams, molecular orbital characters, and SOC coefficients (xsoc) for P1, PO2, and PO3. (d) Electron and hole distribution analysis of S0 /
S1 and S0 / T1/T5 transitions at the S0 geometry (isovalue: 0.002).
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to S1 in PO3, with a very narrow splitting energy of 0.20 eV.
Importantly, the CT-type structures of P3 and PO3 display small
energy gaps of S1-T1 (0.21 and 0.20 eV), which implies possible
RISC at room temperature in these D–A architectures, where the
corresponding S1 and T1 states belong to 1CT and 3LE.35,61 In
contrast, P1 has great S1–T2/T1 gaps as high as 0.67 and 0.85 eV.
The S1 states of P1 and PO1 possessed similar HLCT transition
characteristics, i.e., CZ to BINAP and p–p* transitions of BINAP.
The T1 state is governed by 3LE (p–p*) in binaphthyl itself, and
the higher T3/4 transition originates from the delocalized CZ
donors and binaphthyl acceptor, together with low DE(S1–T3/4)
(Fig. 3d, S11 and S12†). The P and N atom orbitals also partic-
ipate in these above-mentioned charge transfers, i.e. the N-
atoms contribute larger HOMO–LUMO transition components
© 2025 The Author(s). Published by the Royal Society of Chemistry
(−14.81 to −22.91%) than P-atoms (4.26 to 0.68%) for six
compounds (Fig. S7–S9†). These features could promote spin-
ipping via the SOC process between the p–p* and p–p*

congurations, and the current systems could follow the anal-
ogous El-Sayed rule and CT effect.9,15 Interestingly, the donor
effect gradually overwhelms the valence state for orbital level
modulation (Fig. 3a). For example, the change of the energy
levels and SOC values is negligible between P3 and PO3, while
the diversities between P1 and PO1 are large (Fig. S10 and S18†).
This fact is mainly caused by fewer orbital transitions for P-
atoms in the stronger D–A structures (Fig. S7–S9†).

As shown in Fig. 3c and S18–S24,† spin–orbit mean-eld
(SOMF)62 allocated TD-DFT proles reveal that P1 (S1-geometry)
has a small spin–orbit coupling matrix <SjĤSOCjT > of S1–T1
Chem. Sci., 2025, 16, 9393–9405 | 9397
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spin–ip transitions (x{S1–T1} = 0.29 cm−1), but larger magni-
tudes of

P
x{S1–T3/4} = 1.07 cm−1 and x{S1–T2} (1.00 cm−1),

suggesting preponderance channels of S1–T2/3/4 for the ISC. The
following IC and phosphorescence radiation is slow because of
a decent x{S0–T1} value (3.23 cm

−1). In comparison, the stronger
D–A emitters possess distinct CT characteristics for S0–S1 and
ISC assignment (Fig. S19–S24†). For instance, the PO2 and PO3
exhibit limited ISC from S1 to the lowest T1/2 (0.42/0.02 and 0.41/
0.19 cm−1), which is lower than that of P1/PO1 (Fig. 3c and
S18a†). This outcome demonstrates more efficient ISC in
carbazole-fused emitters.34,37 Switching to BINAPs with a more
robust CT characteristic, the SOC matrix elements and DES1–T1
gaps are mostly governed by electron donors rather than the
chemical valence state of TPA-fused compounds.

Furthermore, the S0-geometric calculations also afford extra
evolution tendency about the phosphorescence superiority of
HLCT-governed P1 and PO1 (Fig. S10–S17†). This speculation is
conrmed in the following experimental observations. Thus,
the theoretical calculations demonstrate that the double
incorporation of weak donor units substantially altered the
triplet arrangement and excited-state properties of BINAPs.
Moreover, this D–A construction change would inuence CPL
performance, where the asymmetry factors are negatively
correlated with CT metrology (vide infra).
Photophysical properties

The photophysical properties of the six compounds are studied
by spectral measurements at solution, doping polymer, and
solid states (Fig. 4, S25–S36, Tables S3 and S4†). P1–P3 show
shied UV-vis absorption curves from 300 to 430 nm in
dichloromethane (DCM, Fig. 4a), where the ICT bands are
located at ∼325 and 360 nm for P1 and P2/P3, respectively. TPA-
decorated derivatives P2 and P3 display enhanced CT bands
because of stronger donor strength, which agrees with higher
oscillator strengths (f, S0/ S1) from TD-DFT simulations (0.177
for P1 to 0.441 for P3). Compared to P1–P2, their oxides PO1–
PO2 exhibit a slightly blue-shied absorption but signicant
emission efficiency in DCM (Fig. 4a and d). For instance, the
primitive P1 and P2 reveal a structureless uorescence emission
at 427 and 482 nm (fPL = 0.12, 33.7%) with Commission
Internationale del’Éclairage 1931(CIE 1931) coordinates of
(0.154, 0.043) and (0.149, 0.258), but PO1 and PO2 emit slight
blue-shi light at 418 and 474 nm with signicant fPL values of
63.1% and 72.8%, respectively (Fig. 4a, d and Table S3†).
Moreover, PO3 shows red-shied emission with a broader band,
suggesting pronounced structure dynamics in the excited state
in the D–A emitters. Notably, the enhanced CT effect of
methoxyls on TPAs contributes a near-unity PLQY of 95.3% for
PO3 in degassed dichloromethane (DCM). Importantly, O-atom
insertion not only improves fPL for P1–P3 but also the photo-
chemical stability in solvents (Fig. 4d and S37†), which could
benet from the ICT effect and bonding saturation of P atoms.
The trivalent phosphines would undergo oxidation and slight
decomposition in solutions by oxygen corrosion and photo-
activation.56 These processes are conrmed by corresponding
spectral measurements (Fig. S38†).
9398 | Chem. Sci., 2025, 16, 9393–9405
As shown in Fig. S39,† the UV-vis spectrum of PO2 is almost
insensitive to the solvent type but the solvatochromic emission
changes from 428 (toluene) to 503 nm (MeCN), while the uo-
rescence of all oxidative emitters has moderate positive sol-
vatochromism behaviors (Fig. S25†). The general Stokes shis
of D–A pairs in polar solvents imply structural relaxation of CT
excited states. Stronger solvatochromic uorescence is further
observed in P3/PO3 compared to P1/PO1, suggesting that the
P1/PO1 emission is a HLCT-directorial pathway, whereas the
uorescence of P3/PO3 is better described as having better CT-
dominant features (Fig. S25†). In addition, P3 and PO3 have
similar oscillator strength for the S1 / S0 transitions and SOC
matrix for S1 / T1 (P3: 0.084, 0.43 cm−1 and PO3: 0.081, 0.41
cm−1), which contradicts the higher PLQY in PO3. Given the
larger structural deformation and photostability, the lower
PLQY is likely due to the structural motion-induced non-
radiative decay and light degradation in the P(III) emitter. A
recent report has revealed that the spectra of cyclization
degradation products are red-shied and the quantum effi-
ciency is low.56

In consideration of the HLCT, p–p* and heavy effects in
these phosphine emitters, the phosphorescence spectra are
measured in DCM and 2-Me-THF at 77 K (Fig. S26 and S29†).
Expectantly, the intense aerglow of P1–P3 and their PO1–PO3
oxides is observed in DCM at 77 K, while their impressive low-
temperature phosphorescence (LTP) lifetimes range from 783 to
898 ms and this aerglow could retain ∼10 s in P1 (Fig. 4b and
c), suggesting a phosphorescence radiation process. The LTP
peaks of the six emitters range from 518 to 543 nm. The
enhanced donors cause lower triplet energy levels in BINAPs,
which are smaller than those of the BINAP matrix (500 nm).
Taking P1 as a typical sample, it shows ultraviolet color in DCM
at 77 K (Video S1†) and displays dual emission at ∼400 nm (suo
= 4.85 ns, Fig. S28†) and 518 nm with structured features
(Fig. 4b). The delayed PL spectra display the same phospho-
rescence band at 77 K, with a long average lifetime of 857 ms via
biexponential decay (Fig. 4c), demonstrating hybrid singlet (Sn)
and triplet (Tn) radiation characters under cryogenic conditions.
Based on the uorescence and phosphorescence spectra onset
of P1 at 77 K, the moderate energy gap between the lowest S1
and T1 excited states (DES1–1) is determined as a large value of
0.83 eV (Fig. 4b), which is well matched to the TD-DFT simu-
lative value (0.86 eV, Fig. 3c). Nevertheless, the signicant CT
enhancement from the push–pull effect can dramatically
separate the HOMO and LUMO spatial distribution (Fig. 3a),
resulting in the experimental gap decrease of DES1–T1 from 0.83
to 0.45 eV (Table S3 and Fig. S30†). Together with the donor and
P-atom valence alteration of conjugated compounds, a signi-
cant wavelength adjustment and quantum efficiency enhance-
ment could be easily achieved in diphosphines for the rst time.
In addition, the phosphorescence composition Iphos./Iuo. (the
ratio of the phosphorescence emission area to the uorescence
spectral area) and the RTP lifetimes are changed in these
architectures. As a result, the ratio of Iphos./Iuo. decreases from
0.39 in P1/PO1 to 0.05 in P3/PO3 at 77 K (Fig. S26†). In contrast
to DCM, all emitters in a more rigid 2-Me-THF medium also
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Photophysical properties. (a) UV-vis and PL spectra of six emitters in DCM (298 K, lex = 350 nm, 10−5 M). (b) PL and delay PL spectra of P1
in DCM (77 K, lex = 350 nm, 10−5 M). (c) Lifetime decay profiles of all compounds in DCM at 77 K. (d) PLQY values of the six emitters in DCM and
PMMA (0.5 wt%) at 298 K. (e) PL mapping spectra and intensity profiles of the (R)-1@PVP film with different excitation wavelengths (298 K, 0.5
wt%). (f) Delay PL mapping spectra of the (R)-1@PVP film with different excitation wavelengths (298 K, 0.5 wt%, delay 0.1 s). (g and h) PL and delay
PL spectra of phosphines or their oxides in PVP (298 K, 0.5 wt%, delay 0.1 s); inserted pictures are of the emissive polymer. (i) Lifetime decay
profiles for all doped PVP films (monitoring the delay PL peak). (j) Representative photographs of afterglow images for cryogenic DCM solutions at
77 K and polymers at 298 K. (k and l) CIE 1931 chromaticity coordinates for emitter doped PVP films (298 K).
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easily facilitate LTP with similar emission bands but longer
lifetimes (1.69–2.23 s, Fig. S31–S32†).

Subsequently, all emitters are doped into polymethyl meth-
acrylate (PMMA) or polyvinyl pyrrolidone (PVP) polymers to
restrict molecular motion and isolate molecular oxygen (Fig.
S33–S35†).63 As shown in Fig. 4e and h, the doped PVP lms of
P1@PVP and PO1@PVP emit a near ultraviolet uorescence
peak at ∼410 nm with CIE coordinates of (0.188, 0.157) and
(0.162, 0.059), respectively (Fig. 4k), while a short decay at
nanosecond levels and an RTP tail at∼520 nmwith an ultralong
attenuation dynamic of savg = 1.02 s (s1 = 345 ms × 27%; s2 =
1267 ms × 73%) are determined in P1@PVP (Fig. 4i, details are
listed in Table S4†). Obviously, this RTP band overlaps well with
their LTP spectra (∼520 nm), demonstrating the same decay
channel from the unimolecular emission. This RTP activity is
© 2025 The Author(s). Published by the Royal Society of Chemistry
also presented in PMMA andmixed polymer lms (Fig. S33–S35,
Videos S2 and S3†), which is in contrast to the stereotypical
views of previous nonluminous diphosphine monomers.48,50,51

Similarly, RTP with faster decay and lower phosphorescence
ratios has been observed in PO1, P2, and P3 doped polymers,
and their RTP lifetimes are gradually decreased to 0.88, 0.78,
and 0.22 s, respectively (Fig. 4g–i and S32c†). Interestingly,
PO2@PVP displays a new mixed RTP-TADF band with a broad
feature at 298 K, but the exclusive phosphorescence peak of 543
nm is recovered (savg= 0.60 s) at 77 K due to suppressed thermal
activation for TADF (Fig. 4h and i). Furthermore, PL and delayed
PL spectra of PO3@PVP share the same structureless band from
400 nm to 650 nm (Fig. 4h), where the RTP band disappears and
the delayed emission lifetime is determined to be 18 ms
(Fig. 4i). Taking PO3@PVP as a typical object, the temperature-
Chem. Sci., 2025, 16, 9393–9405 | 9399
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dependent PL decay of the uorescence peak demonstrates that
the savg component accelerates as the temperature increases,
while the phosphorescence band is suppressed upon heating,
suggesting possible TADF characteristics in these strong D–A
emitters (Fig. S36b†). Thus, a trace of the uorescence band is
observed in the short-wavelength region for all emitters,
showing TADF lifetimes of 14.7–20.1 ms (Fig. 4i and S36a†). By
managing the DES–T and moderate RISC, the previous TADF-
type aerglow emitters of b-diketone chelated diuoroborons
can also facilitate improved aerglow quantum yields and
maintain long aerglow emission lifetimes up to 187 ms.36,37

Also, the long-lived TADF observation of lms is in accordance
with experimental larger DEST; the slow RISC process would
occur via thermal activation at room temperature.64–66 This
nding of the RTP / TADF process has also been studied in
other achiral weak D–A emitters.8,35,67 In TPA substituted
BINAPs/BINAPOs, the small SOC of S1–T1 and S0–T1 limit the
ISC process. On the other side, phosphorescence radiation is
destroyed due to nonradiative dissipation of the metastable
triplet, in line with the larger root of the mean of squared
displacement (RMSD) between S0 and S1, i.e. the RMSD value of
PO3 (2.0783 Å) is signicantly greater than those of PO1 (0.9090
Å, Fig. S18b†). Thus, in addition to the essential triplet
Fig. 5 Chiral optical properties. (a and b) ECD spectra of P1 and P2 enan
isomer, respectively). (c–f) CPL and glum spectra of P1, PO1, P2, and PO2 e
and glum spectra of PO2 enantiomers in solvents (inserted picture shows
qe-m angle during the S0 / S1 transition for (R)-PO2). (i) Calculated el
moments at the B3LYP/6-31G(d) level for S0 / S1. (j) Chiroptical proper

9400 | Chem. Sci., 2025, 16, 9393–9405
populations and structural rigidity, the RTP performance is
sensitive to polymer matrices and the environments, such as
shorter RTP lifetimes in PMMA (Fig. S35h and Table S4†). These
might be related to the rigidity differences of polymer networks.
Chiroptical properties

To evaluate the chiroptical properties of P1–P2 and PO1–PO2
enantiomers, their electronic circular dichroism (ECD) and CPL
spectra are collected in solvents, polymers, and pure solid states
(Fig. S39 and S40†). At rst, the stereo-conformation for chiral-
HPLC separated isomers is determined by comparing both
experimental ECD and CPL spectra with the ones calculated
using the TD-DFT results (Fig. 5a and S41†). The rst elution of
chiral HPCL belongs to the (R)-isomer and the second is the (S)-
isomer. Similar to solvent-insensitive UV-vis absorption, all ECD
curves are almost identical in variational solvents from toluene
to MeCN (Fig. S39a and b†). In dichloromethane, the trivalent
phosphines (R)/(S)-P1 and (R)/(S)-P2 exhibit mirrored ECD
curves from 250–450 nm except for red-shied absorption
(Fig. 5a and b). The oxides of PO1 and PO2 have slightly hypo-
chromatic CD signals and higher absorption dissymmetry
factors (gabs, Fig. S42†). These jgabsj values manifest a maximum
at the lowest-energy absorption band, with a range of 3.4 to 9.6
tiomers in DCM (10−4 M, fractions 1 and 2 are the (R)-isomer and (S)-
nantiomers in DCM (10−4 M, lex= 340 nm). (g−h) Solvatochromic CPL
TD-DFT simulated transition electric-magnetic dipole moment and its
ectric (blue arrow, me) and magnetic (red arrow, mm) transition dipole
ty performances of four emitters in this work (in DCM or polymers).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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× 10−3 in eight investigated compounds, suggesting effective
chiral induction and expression in this axially chiral D–A skel-
eton. The oxides have slightly larger gabs values, which are
mainly promoted by larger electric-magnetic dipole moment
angles (Fig. 5i and S43†). The stereochemical durabilities of (R)-
PO1 and (R)-PO2 are elucidated according to chiral conforma-
tion analysis using variable temperature ECD spectra. The ECD
spectra of these stable phosphine oxides are unchanged aer
180 °C heating for several hours, showing ultrahigh stereo
conformation persistence by 7,70-steric hindrance (Fig. S44†).

Enantiomeric P1, P2, PO1, and PO2 (Fig. 5c–h) emitters show
attractive CPL with decent luminescence dissymmetry factors
(glum) ranging from ∼5.0 × 10−3 (P1) to 2.1 × 10−3 (P2) in
toluene (Fig. 5g and S45†), which is the highest record in already
existing phosphine emitters.48,50,51 Furthermore, solvatochromic
Fig. 6 CP-OURTP properties. (a and b) CPL and glum spectra of P1 an
irradiation (5 min, 15 W light source) was attempted to remove the molec
texture for the induced chiral N* phase at 298 K (5CB@(R)-PO1). (d) CPL
Chemical structures of RM257, Irg651, and emitters. (f) Schematic pr
polymerization. (g) Fingerprint texture of the PLC@(R)-PO1 polymer fil
transparent PLC@(R)/(S)-PO1 polymer films excited using a 365 nm la
Concentration-dependent PL and delayed PL spectra of PLC@(R)/(S)-PO
films. (k andl) CPL and glum spectra of PLC@(R)/(S)-PO1 polymer films wit
PLQY values of PLC@(R)/(S)-PO1 films at different doping proportions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
CPL has also been observed for enantiomeric PO1 and PO2
emitters (Fig. 5g, h and S45†). With increasing solvent polarity,
the CPL emission becomes broadband. Specically, the case in
point is that (R)/(S)-PO1 emits near-ultraviolet CPL with nega-
tive and positive signals at 416 nm in nonpolar toluene but 440
nm in polar MeCN (DlCPL = ∼25 nm), and its considerable glum
factors are maintained in all solvents. In comparison to (R)/(S)-
PO1, (R)/(S)-PO2 has stronger D–A character, providing a more
signicant solvatochromic CPL contrast (DlCPL = 75 nm).

Notably, the emitter-doped PVP or PMMA polymers produce
high jg(CPF)j = 6.4 × 10−3 (P1@PVP) and jg(CPF)j = 1.0 × 10−3

(P2@PVP) for CPF emission (Fig. 6a, b and S46–S48). Aer
complete deoxygenation by UV photoactivation for 5 minutes,
the enantiomeric P1@PVP lms show a CP-OURTP band
beyond 480 nm, with g(CP-RTP) values of ±3.0 × 10−3 at 520 nm.
However, the PO1, P2, and PO2 doped PVP lms exhibit lower
d P2 enantiomers in doped PVP (0.5 wt%) at 298 K. Continuous UV
ular oxygen residue (lex = 330 nm). (c) POM image showing fingerprint
and glum spectra of chiral liquid crystal films at 298 K (lex = 330 nm). (e)
eparation and assembly of the chiral LC polymer by in situ photo-
m at 298 K (scale bar is 50 mm). (h) Yellow CP-RTP photographs of
mp (polarized glasses are placed between films and the camera). (i)
1 polymer films. (j) Lifetime decay profiles of PLC@(R)/(S)-PO1 polymer
h a 1.0 wt% doping proportion. (m) Changes in gCP-RTP factors and total

Chem. Sci., 2025, 16, 9393–9405 | 9401
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g(CP-RTP) values due to weak phosphorescence and the inferior
electro-magnetic transition environment. In addition, the
doped PMMA lms show similar CPF but fewer phosphores-
cence components (Fig. S46 and S47†). The aerglow of the
P1@PMMA polymer is much brighter at 77 K because of the
enhanced rigidity of excited state conformation, which displays
an improved circularly polarized low-temperature phosphores-
cence (CP-LTP) proportion and jg(CP-LTP)j values of ca. 2.0× 10−2

(Fig. S49†).68,69

TD-DFT calculations provide further physical insights into
the chiral transition processes (Fig. S43 and S50–S54†). For (R)-
P1, the S0 / S1 transition processes balanced electron transi-
tion dipole moment (me = 3.76 × 10−18 esu cm), magnetic
transition dipole moment (mm = 8.05 × 10−21 erg/Gauss), the
large me–mm angle (qe-m = 159.1°), and a high g(abs,cal) of −8.0 ×

10−3, which are in agreement with the experimental results
g(abs,exp) = −6.5 × 10−3 (Fig. 5i and S42†). Besides, other TPA-
decorated compounds exhibit slightly higher qe-m but lower mm
values, producing degressive gabs values for the S0 / S1 tran-
sition (Fig. S43†). According to TD-DFT calculated uorescence
emission based on Kasha's rule, the reduced glum (S1 / S0)
values of all emitters appeared due to degenerated cosqe-m (qe-m
= 147.2 / 91.2°, Fig. S55†). Hence, glum factors are lower than
those of g(abs,cal), which is in accord with CD/CPL measurement
tendency in solutions (Table S3†). By comparison, with the
enhancement rate of CT and higher fPL, both g value and RTP
lifetime will deteriorate. This result is caused by depressed qe-m

magnitude but increased me (Fig. 5i). Thus, PO1 provides
superior fPL, CP-OURTP performance, and structural stability,
including photostability and exciton stability. Overall, the
Fig. 7 CP-OURTP stability and applications. (a) CP-RTP performance com
(b) Circularly polarized fluorescence and afterglow photographs of a PLC
left picture showing the water contact angle. (c) The information is deco
operation for diverse light-emitting pattern preparation and time and
information coding based on Arabic number patterns (A: doped PMMA &
with L/R polarized glasses. (g) Photographs of various lighting-emitting p

9402 | Chem. Sci., 2025, 16, 9393–9405
experimental and theoretical studies revealed that the facile P-
functionalities have remarkable impacts on the CPL and RTP of
BINAPs/BINAPOs via altering the charge transfer states and p–
p* electronic effects.

Chiral photopolymerization induced CP-OURTP amplication

Moreover, stable PO1/PO2 are candidates for emissive chiral
inducers for chiral liquid crystal (LCs, 5CB) fabrication, as evi-
denced by the increased CPL metrics with optimized glum values
up to ±0.2 in the assembled superchiral cholesteric mesophase
(Fig. 6c, d, S56 and S57†). However, this ow and so LCs phase
cannot offer a rigid excited state for RTP. To overcome this
drawback in the 5CB matrix, we further utilize ternary liquid
crystal coassembly and sequential chiral polymerization to
stabilize the triplet exciton (Fig. 6e and f). The achiral LC
precursor RM257 (host), Irg651 (photoinitiator), and chiral
phosphorescent inducer PO1 are selected and coassembled via
mixing and liquation treatments (for details see the ESI†). The
twist supramolecular chirality is induced successfully, where
the ngerprint textures are presented (Fig. S58a–c†), suggesting
helical architectures of the chiral nematic phase. Before the UV-
triggered photopolymerization (Fig. S59†), only the uorescence
phenomenon could be noticed by the naked eye, in line with the
ow PO1@5CB system. Remarkably, intense RTP with long
decay is observed aer in situ UV irradiation (365 nm light,
Fig. 6h). The mobility of the transparent lms is quenched but
the chiral LC textures are still reserved (Fig. 6g and S58d–f†),
manifesting expectant rigid networks and helical constructions.
No structural color is found in these transparent thin lms (Fig.
S59†). CD and CPL measurements reveal that these polymeric
parison between this work and previous reports (see Table 1 in ref. 16).
@(R)-PO1 film immersed in water environments (soaking for 1 day); the
ded by water-soaking. (d) Schematic diagram of the pattern masking
polarization-involved information encryption. (e) Illustration of chiral
PVP and B: doped PMMA film). (f) The information decoding process
atterns and polymer fibers (doped PMMA).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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LC lms have increased g factors of CD absorption and CP-RTP
emission (Fig. S61†). Aer optimization of the doping concen-
tration, the PLC@(R)/(S)-PO1 lms display increased RTP
proportions, lifetimes, and gCP-RTP (Fig. 6i–m). Finally, the high
gCP-RTP (±0.11), fPL (52.4%), and a long lifetime (savg = 0.83 s)
are obtained in a 1.0 wt% concentration (Fig. 6m). Importantly,
the calculated FM (FM = fPL × gCP-RTP) value of CP-OURTP
reaches up to 0.058. This represents the best values among
small molecules and dual-layer reection devices (Fig. 7a).16,70,71

The high dissymmetry of RTP could be distinguished using
homemade polarized glasses (Fig. 6h and S62e†), where one
isomer is brighter than the other. This discrimination is
impossible for traditional CP-RTP materials due to low gCP-RTP,
demonstrating the signicance of stepwise chiral amplication.

Chiral photopolymerization induced stability enhancement

Most conventional CP-OURTP polymers are unendurable to
moisture and water, especially for water-soluble polymer
matrices, e.g. PVP and poly(vinyl alcohol) (PVA), which can
break the hydrogen bonding networks within the polymers and
accelerate the triplet non-radiative decay and RTP
quenching.72–76 The polymer network of PO1@PVP is gradually
digested in water environments and the RTP disappears (Fig.
S63†). In contrast, the photopolymeric PLC@PO1 lms can
suppress water penetration because of their hydrophobic
character. This polymeric LC network is dense and electro-
neutral and exhibits a larger water contact angle (∼76°)
compared to the PO1@PVP lm (Fig. 7b). This indicates that the
combination of the hydrophobic RM257 polymer could prevent
water from diffusing into active phosphors and offer the desired
helical network for CP-OURTP reinforcement (Fig. 7b).

Multiple optical encryption and display applications

The signicant CP-OURTP performance of the P1/PO1 doped
polymer is suitable for exible optical encryption devices
through pattern masking (Fig. 7c–f). Masking lms are
prepared by evaporating a DCM solution comprising 0.5 wt%
emitters and 99.5 wt% PMMA & PVP (mass ratio = 3 : 1 and
device type A: P1-A and PO1-A) or PMMA (P1-B) in the cell
(Fig. 7e). Various patterns are obtained by using different
masking cells (Fig. 7f and g), showing high luminous contrast
and resolution between blue CPF and yellow CP-OURTP, based
on the different RTP lifetimes and polarization differences of
enantiomeric P1 and PO1 guests and very close emission color
but diverse aerglow visuality in the air. Thereby, decay time-
dependent information encryption could be realized. Fig. 7e
displays the prepared Arabic numeral “8” with distinct polymer
building blocks. The (R)/(S)-polymer systems emit the same
color but in the inverse direction of polarization (Fig. 6a). Aer
removing the UV ashlight, the pattern was changed from “8” to
“0” and nally “1” by extending the observation time. By linking
the code with the essential output law, two distinct sets of
information, namely 0, −1, 1 and 0, 1, −1, can be deciphered
from (R) and (S)-systems. However, only pseudocode can be
obtained when the decoding law is unclear due to the same
visual color of patterns.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Beneting from the high gCP-RTP factor and polarization
discrimination of PLC@(R)/(S)-PO1, the encryption and
decoding procedures by the naked eye with polarized glasses
have also been realized. As illustrated in Fig. 7f, one combined
pattern (7 and ,) contains PLC@(R)PO1 (7) and PLC@(S)-PO1
(,). Aer turning off the UV excitation for 5 s, the aerglow
pictures are collected to guarantee adequate aerglow attenu-
ation and contrast. The symbol of is observed when the
polarizer is absent, but the , symbol is authorized when the
polarizer is present. Using the opposite le polarizer glasses,
the reversal 7 sign is decoded.

Furthermore, using similar RTP emission but distinct water
resistance for PLC@(R)-PO1 and (R)-PO1@PVP, a Snapchat
decode has also been established (Fig. 7c). Overall, this stepwise
chiral amplication strategy underscores the additional acces-
sibility and superiority offered by the introduction of CP-OURTP
in the process of multiple anti-counterfeiting.

Conclusion

In summary, we have rst validated new tactics for customizing
effective CP-OURTP luminescence in unimolecular BINAPs via
stepwise chiral amplication. The synchronously enhanced
luminescence in solution, polymer, solid, and liquid crystal
states go beyond typical phosphines. These weak D–A archi-
tectures not only enable ne regulation of HLCT excited states
for ISC optimization but also a good chiral transition environ-
ment, facilitating record-breaking FM metrics and stability in
CP-OURTP. Mechanism studies reveal that their low-lying
triplet populations and decay channels highly depend on the
LE/CT proportions, 1HLCT/1CT/3LE processes, and singlet-
triplet split energy. These properties could be easily optimized
by altering the donor strength, together with the associated
valency of the P-atom. This stepwise regulation of molecular
and supermolecular chirality could break the physical
constraint of CP-OURTP, thereby offering a high RTP lifetime
(0.83 s) and gCP-RTP factor (±0.11). Moreover, the persistent
aerglow of circularly polarized light up to ∼10 s allows
multiple encryption applications. Given the diversity and
commercial accessibility of phosphine ligand libraries, we
believe that this strategy would provide a new future for
designing high-performance CP-OURTP materials.
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