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Axial chirality-induced rigidification in
aminoboranes enhances persistent
room-temperature phosphorescence
and circularly polarized luminescence
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Long-lived triplet exciton harvesting materials are of immense interest for applications in bioimaging,
optoelectronics, anticounterfeiting, and sensing. However, achieving persistent room-temperature
phosphorescence (pRTP) in metal-free systems remains a significant challenge. Herein, we present
purely organic axially chiral aminoboranes (R/S-(BN)₂) with enhanced pRTP properties and circularly
polarized luminescence (CPL). By introducing axial chirality, the dual-core (R/S-(BN)₂) system
achieves steric-hindrance-caused rigidity, which restricts molecular motions, leading to superior
phosphorescence properties. Notably,R-(BN)₂ demonstrates a phosphorescence quantum yield (ΦP)
of 9.2% (S-(BN)₂ : ΦP = 8.7%) and an extended lifetime of 0.9 sec at room temperature, significantly
outperforming its mono-core counterpart (BN)₁ (ΦP = 3.0% and τP = 0.6 s). Theoretical analysis
corroborates theobserved improvements, revealing the synergistic role of borylation andaxial chirality
in stabilizing triplet states. Furthermore, the axially chiral aminoboranes exhibited CPL in
dichloromethane solutionswith a dissymmetry factor of ~10-3. These findings highlight the potential of
axially chiral frameworks in designing efficient metal-free pRTP materials, as demonstrated in the
security writing application, further paving the way for their use in bioimaging, anti-counterfeiting
technologies, and next-generation organic electronics.

The conversion of triplet excitons to useful energy is fundamentally
important for many advanced photonic and optoelectronic applications1–3.
Understanding and controlling the behaviour of triplet excitons can lead to
significant advancements in device efficiency and functionality, including
more efficient OLEDs, improved solar cells, and novel applications in
security and bioimaging4–6. In a typical luminophore, the key factors
affecting triplet excitons include the process of intersystem crossing (ISC)
from a singlet excited state to a triplet excited state and the deactivation
processes via radiative (phosphorescence) and non-radiative transitions
from a triplet excited state to the singlet ground state. The rate constant of
non-radiative decay from the triplet excited state (knr(T)) is significantly
influenced by factors such as temperature, the medium involved, and
emitter concentration through energy transfer mechanisms7–10. The rate
constants of ISC (kisc) and radiative emission from triplets (kp) are highly

dependent on the structural and compositional characteristics of the
chromophore and can be tuned from 10−2 to 106 s−1.

One of the most established strategies for triplet harvesting involves the
spin-mixing of singlet and triplet excited states11. Spin-orbital interactions
induced by heavy metals such as iridium12–14, copper1,15, and platinum16,17; or
heavy atoms such as bromine18,19, iodine20, and xenon21, are quite effective at
harvesting triplet excitons. However, these materials suffer from various
challenges, such as stability issues, toxicity, scarcity, synthetic complexity, and
high cost. Consequently, organic phosphorescent materials have garnered
significant attention due to their facile synthesis, cost-effectiveness, tuneable
emission, stability, and easy processability22. While it was generally observed
that metal-free organic molecules exhibited phosphorescence emission only
at cryogenic temperatures (77K) in a rigid matrix23, recent studies have
demonstrated room-temperature phosphorescence (RTP) from various
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classes of organic compounds, including aromatic carbonyl compounds24,
carbazole derivatives25,26, phosphorus-containing compounds27,28, conjugated
polymers and oligomers29 and hydrogen-bonded systems30.

Recent times have seen a growing emphasis on organic persistent room
temperature phosphorescent (pRTP) materials, which exhibit long-lasting
emissions with lifetimes (τ) greater than 0.1 sec31. Among the commonly
explored strategies for achieving prolonged organic afterglow, optimizing
the incorporation of heavy elements18 or modifying functional groups has
been extensively studied, primarily to enhance intersystem crossing32. In
other approaches, strong crystalline interactions, such as hydrogen bonding
or halogen bonding, are utilized to stabilize the excited states33–35. In these
materials, the rigid crystalline environment effectively suppresses non-
radiative decay pathways by restricting molecular motions, thereby
enhancing the phosphorescence efficiency36. Although these approaches are
very propitious for developingmetal-free organic phosphors, they still have
limitations to practical applications because of the limited processability of
crystalline materials. On the other hand, polymer-doped organic RTP
materials offer several advantages due to their amorphous nature, improved
processability, and thermal and chemical stability37. Additionally, achieving
pRTP with improved efficiency (in terms of lifetime and quantum yield)
from chromophores doped at very low weight percentages in polymer
media by reducing the aggregation caused quenching opens an avenue for
economically efficient emitters.

Poly(methyl methacrylate) (PMMA) is a well-known polymer for
creating a rigid environment for small-molecule phosphors when these are
embedded in the matrix by physical blending37. The interwoven structures
and long polymer strands can ensure a rigid environment for the phosphor,
with multiple interaction sites to facilitate efficient phosphorescence29.
PMMA based thin films also have high transparency and chemical resis-
tance, thereby enhancing the durability and longevity of the phosphorescent
materials. However, ambient temperature can induce vibration and diffusion
motions, such as β (side group conformation reorganization) and α (micro-
Brownian motions of main-chain segments) transitions in an amorphous
polymer matrix38,39. These transitions can lead to vibrational dissipation of
triplet energy of phosphors, resulting in complete quenching of phosphor-
escence. Thus, improving and refining the structural designs and composi-
tional factors of the phosphors to enhance the triplet emission continues to
be a vital research domain in the field of phosphorescence research.

Recent decades have witnessed remarkable progress in exploiting BN/
CC isosterism in material science and biology40,41. According to El-Sayed’s
rule, spin-orbit coupling between singlet and triplet states of different
symmetry enhances intersystem crossing, leading to faster triplet
population42. The inclusion of a BN moiety in an aromatic system can
induce singlet/triplet excited states of different symmetry, such as charge
transfer (CT, BN) and locally excited (LE, π−π*) states, thereby facilitating
ISC. Hence, the integration of BN moieties into chromophores has proven
to be advantageous in developing delayed emissive materials43, which serve

as efficient emitters in OLED applications44,45. Recently, our group reported
that PMMA thin films dispersed with 1 wt% of naphthyl-containing ami-
noboranes exhibited persistent room temperature phosphorescence from
the molecular state, with an average lifetime of approximately 0.5 sec and
phosphorescence quantum yield of 2%46. In addition, we also investigated
the circularly polarized luminescence (CPL) property of aminoboranes
tagged with point chirality in the molecular system; however, these systems
were ineffective in harvesting triplet excitons47.

As stated above, rigidification of chromophores by crystallization/
coordination with heavier elements/ polymer matrix enhances radiative
T1→S0 transitions18,29,34. Thus, by structurally locking two aminoborane
units via an atropisomeric axis, we targeted to suppress molecular motion-
induced non-radiative decay, promote ISC through improved spin-orbit
coupling, and impart chiroptical activity. Structures possessing axial chir-
ality induced by steric inflexibility are capable of exhibiting persistent
phosphorescence even at room temperature in addition to obvious chir-
optical properties; however, such reports remain relatively scarce48–50. In this
target, we systematically examined the pRTP properties of chirally locked
aminoboranes (R/S-(BN)2) and compared them to their achiral mono-core
counterpart (BN)1 and its non-borylated analogue 2-NaphNH2 (Fig. 1).
Our detailed mechanistic investigations and theoretical analyses demon-
strate that single-molecular RTP is significantly enhanced upon borylation
and further improved by introducing axial chirality, culminating in a
phosphorescence quantum yield of 9.2% and a lifetime of 0.9 s at room
temperature for 1 wt% R-(BN)2 dispersed in PMMAmatrix. Furthermore,
the axially chiral aminoboranes displayed CPL in dichloromethane solu-
tions with a dissymmetry factor of ~10-3. These phosphors, with intriguing
afterglow properties, were successfully utilized in hidden writing applica-
tions, highlighting their broad potential for practical use.

Results
Synthesis and Characterization
The precursor compound, 2-NaphNH2, was synthesized by following a
previously reported method51. The final compounds, (BN)1 and the opti-
cally pure axially chiral aminoboranes, R-(BN)2 and S-(BN)2, were syn-
thesized by modifying our previous methodology46,47,52. This involves the
lithiation of arylamine with nBuLi at approximately −78 °C, followed by
capturing the N-centred anion with dimesitylboron fluoride (Scheme S1).
Each product was purified bymultiple silica gel column chromatography to
obtain analytically pure samples. The compounds were then characterized
using NMR (1H and 13C) spectroscopy, high-resolution mass spectrometry,
and high-performance liquid chromatography (with a chiral stationary
phase for the chiral samples) (Figs. S1-S13).

Molecular Structures
Slow evaporation of dichloromethane/acetonitrile (1:1) solutions of R-
(BN)2 and S-(BN)2 under ambient conditions produced single crystals

Fig. 1 | Representation of the molecular design strategy. The introduction of axial chirality for steric-hindrance-caused rigidification of the dual-core system to achieve
enhanced pRTP properties and chiroptical properties.
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suitable for X-ray diffraction studies. However, (BN)1 did not crystallize in
any of the crystallizationmethods attempted. The crystallographic data and
refinement parameters are listed in Table S1. Both crystals belong to the
same Sohncke P21212 space group with similar orthorhombic unit cell
parameters. The asymmetric units of both crystals contain one (BN)2
molecule and co-crystallized disordered acetonitrile/dichloromethane
molecules (Fig. 2a, b). The co-crystallized solvent molecules are super-
imposed and occupy an analogous crystal site, with refined partial occu-
pancy factors of 0.281(6)/0.061(3) for R-(BN)2C and 0.462(8)/0.124(3) for
S-(BN)2C, respectively [C indicates the solvent co-crystallized structure].
The refinements of the Flack parameters confirm the absolute configura-
tions and demonstrate that R-(BN)2C and S-(BN)2C are enantiomeric
crystals (Fig. S14).

The steric hindrance to rotation around the C1-C1’ bond linking the
twonaphthalene units produces the canonical axial chirality inR-(BN)2 and
S-(BN)2. In the crystals, the two atropisomeric molecules assume a pseudo-
dissymmetric conformation belonging to the C2 symmetry point group,
with the pseudo-twofold axis corresponding to a helical axis (Fig. 2c). In
terms of helical chirality, the two atropisomers, R-(BN)2 and S-(BN)2,
display naphthalene groups oriented in anticlockwise (M, minus) and
clockwise (P, plus) directions, respectively, resembling a left-handed and
right-handed two-blade propeller when viewed along the pseudo-twofold
axis perpendicular to the chiral axis (Fig. 2c). The torsion anglesC2-C1-C1’-
C2’ are -106.1(1)° and 106.2(2)° for R-(BN)2(M) and S-(BN)2(P), respec-
tively, withdihedral angles between themeanplanes of the twonaphthalene
groups being 73.71(2)° and 74.33(4)°.

Photophysical properties
The absorption and emission properties of the compounds were studied at
25 °C in dilute solutions (concentration = 10 μM) using solvents with
varying dielectric constants, namely cyclohexane (Chex: 2 (dielectric con-
stant): 2.0), dichloromethane (DCM: 2: 8.9), and acetonitrile (ACN: 2:
37.5). The enantiomeric compounds exhibited comparable photophysical

properties (Figs. 3a, b and S18c). Thus, R-(BN)2 is taken as a representative
example to describe the optical properties.

Solutions of (BN)1 andR-(BN)2 showed strongabsorption in 250−350
region whereas 2-NaphNH2 displayed weaker absorption bands (Fig. 3a).
The absorption spectra of (BN)1 andR-(BN)2 revealed negligible changes in
terms of peak position with increasing the solvent polarity, indicating the
nonpolar nature of the ground state in thesemolecules (Fig. S18b and S18c).
The DFT-calculated ground state dipole moments for (BN)1 (μg = 0.88
Debye) and R-(BN)2 (1.12 Debye) are much smaller than that of
2-NaphNH2 (2.30 Debye), which validates the nonpolar ground state in
these compounds46,53,54. The absorption spectra of 2-NaphNH2 showed
slight shift for the lower energy absorption band at ~340 nmwith increase in
the solvent dielectrics (Fig. S18a). However, the band at ~260 nm with
vibrational pattern did not show any significant solvent effects. Based on
these observations and the theoretical interpretation, the absorption bands
at ~260 nm and ~340 nm were assigned to π-π* and the n-π* transitions,
respectively, which is consistent with the typical range of these transitions55.

The simulated absorption spectra, obtained through time-dependent
density functional theory (TD-DFT) calculations on the ground state
optimized structure obtained by using CAM-B3LYP functional and 6-
31 G(d,p,) basis set (Fig. S15), reveal intense absorption peaks at 220 nm,
299 nm (for 2-NaphNH2); 220 nm, 246 nm and 279 nm (for (BN)1);
250 nm and 288 nm (forR-(BN)2) (Fig. S16). The solvent effects in the TD-
DFT calculations were modelled by the polarizable continuum model
(PCM), using the integral equation formalism variant (IEFPCM)56 which
simulates the solvent as a continuous polarizable medium. This approach
approximates the experimental environment by accounting for solute-
solvent interactions, particularly dielectric polarization effects. These results
closely align with the experimental plot, confirming the suitability of the
selected computational methods (Fig. S16 & S17). The major vertical
transitions and the respective molecular orbital contributions are sum-
marised in Table S2. The band at 340 nm, which corresponds to the n-π*
transition of the 2-NaphNH2, is faintly present in both (BN)1 and R-(BN)2

Fig. 2 | Crystal structures of the R/S-(BN)2.
Asymmetric units of (a) R-(BN)2C and (b) S-
(BN)2C obtained from X-ray diffraction analysis
(thermal ellipsoids are shown at the 50% probability
level, H atoms are omitted for clarity). c The two
enantiomeric dissymmetric molecules viewed along
the pseudo twofold axis: R-(BN)2(M) (left) and S-
(BN)2(P) (right) (The carbon atoms of the two
halves of the molecules related by the pseudo-
twofold axis are coloured in green and gray).
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along with the π-π* transition band (Fig. 3a). The incorporation of the BN
entity has significantly enhanced the molar absorptivity of the compounds
(Table S3); this observation is similar to other previous studies57. Themolar
extinction coefficient of R-(BN)2 is about 1.5 times greater than the value
observed for (BN)1 in the cyclohexane solution, likely due to the increased
number of chromophores in R-(BN)2 (Table S3). Compared to (BN)1, the
absorption spectra ofR-(BN)2 showeda red shift in all solvents, likely due to
the extended π-conjugation in the binaphthyl moiety. This behaviour is
similar to that observed in isolated chromophores and their corresponding
binaphthyl derivatives previously reported elsewhere58.

Further, to understand the nature of themolecular orbitals involved in
the electronic transitions, the frontier molecular orbitals (HOMO and
LUMO), energy levels, gaps, and electronic density distributions were
analysed. The DFT results revealed that for all the molecules the HOMO
comprised the chargedistributionon thenaphthyl fragmentwith significant
contribution from the C-2 substituted amine N atom, while the charge
density on theLUMOismainly localizedon thenaphthyl or binaphthyl core
and Boron atoms with no contribution from the amine N atom (Fig. 3e).
This is an indication that vertical transition is of a locally-excited (LE)
dominated character. In the case of (BN)1, both the HOMO and LUMO
levels are more stabilized compared to those of 2-NaphNH2, as expected
due to the substitution by the electron-deficient dimesityl boron entity. The
relatively reduced HOMO–LUMO gap in 2-NaphNH2 is reflected in its
absorption, which occurs in the longer wavelength range (Table S3)

The emissions of 2-NaphNH2 solutions in solvents of increasing
dielectrics showed a small bathochromic shift of 28 nm (λem = 394 nm in
acetonitrile and 366 nm in cyclohexane) in comparison to those observed
for (BN)1 and R-(BN)2 (Fig. 3b–d and Table S3). Both (BN)1 and R-(BN)2
showed a high positive solvatochromic shift of the emissionmaxima with a
decreased emission intensity in high polar solvent like acetonitrile. This
behaviour is typically observed in the aminoborane systems, indicative of
thehighlypolar (+B¼N-)nature of the excited state.Apronouncedspectral
shift is a characteristic of an emission that originate from the charge-transfer
(CT) state. Both (BN)1 and R-(BN)2 displayed highest stokes shift in polar
acetonitrile solvent (20918 cm−1 for (BN)1 and 18146 cm−1 for R-(BN)2),
further confirming that the emissive state is a polar CT state (Table S3). The
excitation spectra of the samples, obtained for the corresponding emission

maxima are spectrally identical to the respective absorption spectra, indi-
cating that these emissions originate from the initially excited single
molecular species (Fig. S19). These results suggest that the emissive state in
2-NaphNH2 is a n-π* state with major LE nature and both (BN)1 and R-
(BN)2 have a polar charge-transfer state as a result of BN inclusion.

Time-correlated single photon counting (TCSPC)measurements were
performedonall compounds indifferent solvents to gain further insight into
the excited state of these compounds. Compounds displayed lifetime values
(τ) in the nano second range consistent with the fluorescent nature of the
emissions (Table S4). Photoluminescence quantum yields (ΦPL) were
measured in different solvents by a relative method59. All the compounds
were found to be weakly emissive in the solution state (ΦPL of upto ~17%),
similar to our previous observations on aminoboranes (Table S4)46,47.
Higherdielectric solventspromoted thenon-radiative channels formtheCT
excited state which resulted a notable decrease in the ΦPL value in polar
solvents.

The pristine solids of 2-NaphNH2, (BN)1 and R/S-(BN)2 showed
emission maxima at 395 nm, 465 nm and 370 nm upon excitation at
300 nm respectively (Fig. S20a). The absolute ΦPL of the pristine solid
samples were found to be 43.1% forR-(BN)2, 39.5% for S-(BN)2, and 32.1%
for (BN)1 (Table S5). The variation in ΦPL in the solid state among the
enantiomers of compound (BN)2 is similar to our previous results, sug-
gesting that the arrangement ofR-(BN)2 and S-(BN)2 in the solid statemay
slightly differ, leading to discrete photoluminescence features. Several other
reports also indicate that enantiomers can display notably different pho-
toluminescence quantum yields in the solid state60,61. We also examined the
phosphorescence emission properties of these compounds in the solid state.
The solid samples of these compounds did not show any significant phos-
phorescence at room temperature (RT) even in the absence of air, indicating
that interactions or the geometrical restrictions in the solid or crystalline
state are not conducive to triplet exciton harvesting (Figs. S20b–d).

Molecular persistent room-temperature phosphorescence
properties
The emission properties of PMMA-based thin films with varying doping
concentrations (1, 3, 6, 10, 25 and 50 wt %) of samples were investigated to
determine the optimal doping concentration and analyse the effect of

e

Fig. 3 | Optical properties and theoretical analysis of the compounds in
solution phase. a UV-Vis absorption spectra of 2-NaphNH2, (BN)1, R-(BN)2
(solid line) and S-(BN)2 (dotted line) in cyclohexane solution (c = 10 μM). PL
spectra of (b) R-(BN)2 (solid line); S-(BN)2 (dotted line), c (BN)1, and (d)

2-NaphNH2 in solvents of varying dielectrics (c = 10 μM), e Frontier molecular
orbitals (iso value = 0.04) generated from the ground state [S0] geometries using
the CAM-B3LYP/6-31 G(d,p) level of theory [with IEFPCM model for
cyclohexane].
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concentration-induced quenching in phosphorescence (Fig. 4, S21 and
Table S6). The time-gated emission spectra of thin films revealed that R/S-
(BN)2 samples displayed an enhanced phosphorescence emission com-
pared to the (BN)1, whereas 2-NaphNH2 did not show any detectable
signals (Fig. S22). Notably, fluorescence spectra of PMMA films of ami-
noboranes exhibited distinct LE and CT bands at 365 nm and ~430 nm,
respectively (Fig. 4a and S21a). To further validate the attribution of these
bands, we conducted emission studies in media of varying viscosity. High-
viscosity solvents are known toretard themolecularmotions,making theLE
emission bands more observable. In hexane (viscosity (η) = 0.296 cen-
tipoise), we detected a small peak at 330 nm and a broad band at 484 nm
(Fig. 5b). The PL band at the red end of the spectrum corresponds to the CT
band observed in cyclohexane solution (λem [Chex] = 485 nm). When the
viscosity was increased by mixing hexane with a more viscous solvent like
paraffin (η = 62.6 centipoise) (hexane/paraffin 1:1), the high-energy band
became more prominent, revealing vibrational patterns. Furthermore, the
emission spectra recorded in paraffin solvent exhibited a higher relative
intensity of the LE band compared to the CT band. The increased viscosity

of themedia restricted the fast structural reorganization in the excited state,
thereby stabilizing the otherwise less stable LEband alongwith theCTband.
In short, the dual emission characteristics of the compounds in viscous
media are comparable to the emission characteristics in the PMMAmatrix,
confirming the LE and CT nature of the spectrum.

As the doping concentration is increased in the PMMA matrix, the
fluorescence spectra displayed significant variation in the intensity ratio of
LE and CT contributions. At higher doping levels, an increase in the CT
contribution was observed for both the R/S-(BN)2 and (BN)1 sample. The
rigid geometry of R/S-(BN)2 resulted in a consistently higher LE con-
tribution compared to (BN)1 across all doping levels. Elevated doping
concentrations in the PMMA matrix limit the phosphor-polymer interac-
tions, thereby increasing detrimental intermolecular interactions between
the phosphors. These interactionsmight have favoured the adoptionof aCT
geometry over an LE geometry.

Among the examined thin films, the optimum phosphor doping
concentration was found to be 1 wt% for R/S-(BN)2 and (BN)1 in the
PMMAmatrix, as shown in Fig. 4c–h. At higher phosphor concentrations,
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530 nm and 525 nm, respectively. d, g Phosphorescence lifetimes, and (e, h) phos-
phorescence quantum yields of R-(BN)₂ and (BN)₁ at different concentrations in
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visualization in panels (d, e, g, h)).
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self-quenching is likely responsible for the observed reduction in phos-
phorescence quantum yield, with a complete disappearance of the phos-
phorescence band in the neat film (100 wt%) forR/S-(BN)2 and 50 wt% for
(BN)1 (Table S6).Wealso analysed thephosphorescence lifetime for various
concentrations of phosphors dispersed into PMMA. A significant decrease
in the average lifetime was observed as the phosphor concentration excee-
ded 10 wt%, attributed to dominant non-radiative self-quenching pathways
at higher concentrations. These observations are consistent with the
enhanced fluorescence quantum yield (~70.3% for R-(BN)2, 65.6% for S-
(BN)2 and 44.8% for (BN)1) at the 1 wt%dispersed PMMA film, compared
to the neat film samples (~45.5% forR-(BN)2, 40.3% for S-(BN)2 and 35.6%
for (BN)1). This suggests that intermolecular interactions are detrimentally
impacting both the phosphorescence and fluorescence efficiencies. The
restriction of molecular motion-mediated non-radiative channels in the
rigid polymer matrix and suppressed intermolecular interactions of the
molecule at a low doping concentration effectively facilitated the phos-
phorescence of triplet excitons even at room temperature. Additionally, the
enhanced phosphorescence quantum yield of the thin film at 1 wt% con-
centration, and the spectrally identical excitation spectra of phosphores-
cence band (530 nm) to that of molecularly dispersed solution state
absorption spectrum clearly indicates that the emission is originating from
monomeric species rather than from aggregates (Fig. 5c).

Intriguingly, the time-gated spectra of PMMA thin films embedded
with 1 wt% R-(BN)2 showed a weak band at ~ 430 nm in addition to the
phosphorescence band at 530 nm (Fig. 5a). This band maxima matched
well with the 1CT fluorescence which indicated the possibility of delayed
fluorescence (DF) (Table S7). The films exhibited clear vibrational pro-
gression at 77 K compared to 298 K, likely due to the reduced thermal
motion of the molecules at the lower temperature, which allows the
vibrational structure to be more distinctly resolved. In contrast, at the
higher temperature of 298 K, the increased thermal motion broadens
these features, making them less distinct (Fig. 5a). Furthermore, the
emission features of the samples were examined under ambient, N₂, and

O₂ conditions. Under ambient and O₂ conditions, the delayed PL band
completely disappears and is restored when the sample is placed under
vacuum. Although the emission intensity was unaffected for the 530 nm
band, there was a reduction in average lifetime of the emitter under an
N₂ atmosphere (τ = 510ms) compared to vacuum conditions
(τ =930ms) (Fig. 5e, Table S8). These observed variations in the phos-
phorescence features could be due to the trace amount of O2 impurities
in the N2 (Fig. 5d). The pronounced susceptibility of the delayed PL
bands to oxygen further supports the involvement of the triplet excited
state in the radiative processes of these compounds. Other important
phosphorescence parameters, including the quantum yield and decay
rate constants for the 1 wt% dispersed PMMA thin films are summarized
in Table S9.

The synergistic effect of borylation and the introduction of the atrop
axis significantly enhances the pRTP features of R/S-(BN)₂, as evidenced
by their phosphorescence quantum yield values (9.2% for R-(BN)₂; 8.7%
for S-(BN)₂ compared to the (BN)1 with ΦP = 3.0% and 2-NaphNH2

with non-detectable phosphorescence). Similarly, the average phos-
phorescence lifetime values of these samples indicate that the chiral R/S-
(BN)2 have an enhanced lifetime compared to (BN)1 (Table S10). This
enhancement in pRTP properties for the dual core R/S-(BN)2 molecules
compared to the mono-core (BN)1 could be attributed to the steric-
induced rigidification caused by the introduction of the atrop axis in the
aminoboranes, which resists the molecular motions at room temperature.
This is also evident from the fluorescence spectra of 1 wt% dispersed thin
films of (BN)1 and R/S-(BN)2 (Fig. S23). The LE band is more prominent
in R-(BN)2 compared to (BN)1, indicating reduced molecular motions.
Additionally, (BN)1 shows a broader full width at half maximum
(FWHM), while R-(BN)2 displays a much sharper band, reinforcing the
steric-caused hindrance to molecular motions. Together with enhanced
spin-orbit coupling achieved in the chiral system (Table S10), these
factors contribute to the superior pRTP performance of the chirally
locked aminoboranes.

Fig. 5 | Molecular optical properties of R-(BN)₂ in viscous and rigid media.
a Fluorescence spectra in hexane, paraffin, and a hexane/paraffin mixture (1:1)
(concentration = 10 μM). b Absorbance spectrum (in cyclohexane solution) and
excitation spectrum (1 wt% in PMMA), monitored at λem = 530 nm. Prompt and

delayed emission spectra (1 wt% in PMMAmatrix) under vacuum conditions (c) at
298 K and (d) at 77 K. e Delayed emission spectra (1 wt% in PMMA matrix) under
different environments. f Time-resolved decay kinetic profiles measured at 530 nm
under vacuum and N₂ atmospheres (delay = 50 μs, λex = 280 nm).
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Theoretical studies
Detailed theoretical calculations were performed to compare and ana-
lyse the different triplet emission behaviours and to understand the
underlying mechanism for the pRTP process involved in these com-
pounds. The geometry of the first singlet and first triplet excited states
(S1 and T1) were optimized by using standard computational methods
(B3LYP functional/6-31 G(d,p) basis set). The frontier molecular orbi-
tals of these excited states were analysed in detail to gain insights into
their nature and to assess the feasibility of transitions between them.
For (BN)1, the analysis of frontier molecular orbitals (FMO) clearly
states that the S0 state is of LE character, whereas the S1 state is of CT
character (Fig. S24, Supplementary note 1). In the case of T1, the
naphthyl group and the BN entity show contributions in both HSOMO
and LSOMO, making the state a hybridized local and charge-transfer
(HLCT) excited state. In contrast, for R-(BN)2, FMO analysis reveals
that the S0 state is also of LE character, but the S1 state displays an HLCT
character, where both naphthyl groups contribute to HSOMO and
LSOMO. The T1 state of R-(BN)2 is characterised by CT nature
(Fig. 6b). According to El-Sayed’s rule, different symmetries between the
excited singlet and triplet states result in effective spin orbit coupling
(SOC), leading to efficient ISC/rISC42. The SOC constant calculations

were performed by considering 10 excited states in (BN)1 and R-(BN)2,
which provided the energy levels as well as the coupling constants
between different singlet and triplet electronic states (Fig. 6a). The SOC
calculated between S1/T1 and S0/T1 was found to be higher in the case of
R-(BN)2 (ζ (S1, T1) = 0.84 cm-1 and ζ (S0, T1) = 0.74 cm-1) compared to
(BN)1 (ζ (S1, T1) = 0.26 cm-1 and ζ (S0, T1) = 0.21 cm-1). This differences
also accounts for the superior pRTP properties R-(BN)2 compared
to (BN)1.

Based on these results, the underlying processes and the electronic
transitions involved in the single molecular pRTP of R-(BN)2 (1 wt%
dispersed in PMMA) can be summarized in the following way. Upon
photoexcitation at 280 nm, themolecule emits from the Franck−Condon
state (1LE) at 365 nm (τ = 3.0 ns). Additionally, some molecules emit
from the 1HLCT state at 430 nm (τ = 5.2 ns), leading to the dual-band
fluorescence spectrum of the thin film. From the singlet state, the
molecules undergo intersystem crossing to reach the triplet state (Tn).
From the Tn state, molecules can revert to the 1CT state via reverse
intersystem crossing, resulting in delayed fluorescence at ∼430 nm (τ =
360.5 μs). Furthermore, the molecules can radiatively decay from the T1

(3CT) state, giving rise to phosphorescence at ∼530 nm (τ =
0.93 s) (Fig. 6c).

(a) b

(c)

Fig. 6 | Theoretical analysis of the phosphorescence process. a Schematic repre-
sentation of the TD-DFT calculated energy gaps of R-(BN)2; optimised geometries
of S0, S1, T1 and calculated SOC constant values. b Frontier molecular orbitals of R-
(BN)2 in S0, S1 and T1 state obtained from DFT and TD-DFT calculations using

Gaussian 16 software with B3LYP functional and 631G-(d,p) basis set (|isovalue|=
0.04). c Potential energy diagram depicting one of the plausible photophysical
pathways occurring at 298 K in the 1 wt % R-(BN)2 dispersed in PMMA matrix. [F
Fluorescence, DF Delayed fluorescence, P Phosphorescence].
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Chiroptical properties
As the synthesized axially chiral compounds exhibited intriguing emission
properties, we proceeded to analyse their chiroptical features.Materialswith
multitudinous inherent advantages have huge potential for sophisticated
optical materials and devices. Recent times have witnessed an increased
interest towards the development of CPLmaterials due to their importance
in diverse applications such as 3D displays, optical data storage, and bio-
logical probes.

The ground-state chirality of theR/S-(BN)2 compoundswere analyzed
using circular dichroism (CD). The CD spectra of R/S-(BN)2 in dichlor-
omethane solution (c = 0.5mM) displayed mirror-imaged bands with a
cotton effect in the 280–350 nm spectral range (Fig. 7). R-(BN)2 exhibited
negative and positive bands at ∼340 nm and ∼300 nm, respectively, and
vice-versa for S-(BN)2. We further analyzed the correlation with computed
rotatory strengths for R/S-(BN)2, which supported their absolute config-
urations (Table S11). In the calculated electronic circular dichroism (ECD)
spectra, R-(BN)2 displayed a negative Cotton effect (CE) at higher wave-
lengths, whereas S-(BN)2 exhibited a positive CE, consistent with experi-
mental data. The absorption dissymmetry factors (gabs = (εL- εR)/(εL+ εR) ;
where εL and εR represent themolar extinction coefficient of left- and right-
handed CPL respectively) were calculated from the experimental CD and
absorption spectra, which lies in the range of ± 1.6 × 10⁻³ (at ~340 nm)
and ± 1.9 × 10⁻³ (at ~295 nm), reflecting the intrinsic chiral nature of the
molecule. The circularly polarized luminescence spectra of R/S-(BN)₂were
measured in dichloromethane solution (c = 0.5mM), showing CPL signals
of opposite signs with | glum | values of ~1 × 10⁻³. The dissymmetry factor,
glum, is defined as 2(IL – IR)/(IL+ IR), where IL and IR represent the inten-
sities of left- and right-handedCPL, respectively. These values fall within the
typical range observed for small chiral organic molecules and indicate that
the chirality is retained in the excited state as well. The sign of CPL signals
matcheswith that of theCDathighestwavelength indicating that the similar
chiral features of themolecules influence both the ground state (observed by
CD) and the excited state (observed by CPL) chirality. Unfortunately, CPL
signals were not observed in 1 wt% PMMA thin films. This absence can be
attributed to several factors, including the lower doping concentration and
the inhomogeneous alignment of the binaphthyl unit within the solid
matrices. Unlike in solution, wheremolecules can freely rotate and achieve a
uniform orientation, solid-state interactions can disrupt this alignment,
which can be critical for generating detectable chiroptical signals (Fig. S25).

Demonstration of Security Writing Using pRTPMaterials
We also attempted to visually observe the pRTP signals from the 1 wt%
PMMAthinfilmsof (BN)1 andR/S-(BN)2underN₂ atmosphere by exciting

them with UV irradiation, aiming to unveil the potential of these materials
for anticounterfeiting applications. Both samples exhibited blue fluores-
cence (CIE coordinates of (0.18, 0.18) for (BN)1 ; (0.18, 0.16) for R-(BN)2)
and green phosphorescence (CIE coordinates of (0.27, 0.48) for (BN)1,
(0.32, 0.56) forR-(BN)2) (Fig. 8d).Notably, theprolongedgreenafterglowof
theR/S-(BN)2 samples lasted up to 3.2 s, whereas (BN)1 exhibited a shorter
afterglow duration of 0.8 sec with lower intensity after the excitation ceased
(Figs. 8a, b, S26). This distinct difference in emission behaviour inspired us
to explore the security writing application. Using 1 wt%R-(BN)₂ and (BN)₁
doped PMMA inks, we created the digits ‘1180’ in a digital font. Under UV
illumination, all digits displayed bright blue fluorescence (Fig. 8c). Upon
turning off theUV light, after 1 s, the hiddenmessage “IISC” became visible,
highlighting the potential of these materials in anti-counterfeiting
applications.

Discussion
In this study,we explored an axial chirality-induced rigidification strategy to
achieve enhanced pRTP properties and CPL in heavy-element-free com-
pounds at the molecular level. A systematic analysis of the monocore and
chiral dual-core systems allowed us to fine-tune the pRTP properties. The
introduction of axial chirality and the incorporation of a BNmoiety result in
structural rigidity, effectively restricting molecular motions—such as
vibrations and rotations—thereby reducing non-radiative decay and sta-
bilizing the triplet state. This steric-hindrance-assisted design led to sig-
nificant improvements in phosphorescence quantum yield and lifetime,
withR-(BN)₂ achieving aΦP of 9.2% (S-(BN)₂ : 8.7%) and a lifetime of 0.9 s,
substantially outperforming its monomeric counterpart (BN)1 (ΦP = 3.0%,
lifetime = 0.6 s).

The enhanced pRTP properties observed in chirally locked amino-
boranes can be attributed to the synergistic effects of axial chirality and BN-
enhanced spin-orbit coupling. These factors facilitate efficient intersystem
crossing (ISC) via ¹HLCT and ³CT transitions, followed by radiative decay
in accordance with El-Sayed’s rule. Notably, these improvements are
achieved without relying on intermolecular interactions, highlighting the
versatility of our design strategy. Moreover, this novel chiral chromophore
also exhibited intriguing circularly polarized luminescence properties, fur-
ther augmenting its utility.

Compared to other conventional approaches that depend extensively
on intermolecular interactions to stabilize excited states or the inclusion of
heavy elements to facilitate ISC, our steric-hindrance-based strategy in
aminoboranes offers a unique advantage. The combination of structural
rigidity and enhanced spin-orbit coupling through BN inclusion achieves
superior performance within a single molecular framework. Beyond their
fundamental significance, these non-toxic and cost-effective materials can
be particularly important for high-resolution bioimaging, as they enable
time-gated imaging independent of autofluorescence and excitation light
scattering, as well as for organic scintillation for gamma-ray detection. The
bright and prolonged afterglow observed in these samples were utilized in
demonstrating anti-counterfeiting applications, further highlighting their
potential inmultilevel security applications, especially when combinedwith
their chiroptical properties.

Methods
Materials and instruments
The chemicals were purchased from commercial suppliers and used as
received. The target compoundswere purified bymultiple silica-gel column
chromatography, followed by recrystallization and vacuum drying before
experiments. 1H and 13C NMR spectra were recorded at 25 °C on a Bruker
Avance 400MHz NMR Spectrometer. High-resolution mass spectra were
recorded on an Agilent 6545 Q-ToF spectrometer and Micromass Q-ToF
High-Resolution Mass Spectrometer in standard spectroscopic grade sol-
vents by the electrospray ionization method. Chiral HPLC analysis was
performedon LC-20A ShimadzuHPLC Systemwith aUVdetector. Single-
crystal X-ray data were collected at the Macromolecular Crystallography
XRD1 beamline of the Elettra synchrotron (Trieste, Italy), employing the
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Fig. 7 | Chiroptical properties of aminoboranes.CD spectra (left) and CPL spectra
(right) of R-(BN)2 and S-(BN)2 in dichloromethane solution (c = 0.5 mM,
λex = 300 nm) [CPL spectra were smoothed using the Savitzky-Golay filter method
to enhance clarity].
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rotating-crystalmethodwith aDectris Pilatus 2Mareadetector.Absorption
spectra and fluorescence emission spectra were recorded on a Shimadzu
UV-2600 and Edinburgh Instruments FLS 980 spectrometers, respectively.
The fluorescence quantum yield wasmeasured using aHoriba Jobin Yuvon
Fluoromax-4 spectrometer equipped with a Horiba Quanta-phi integrating
sphere setup. Temperature-dependent (77 and 298 K) measurements were
performed using an Oxford Instruments OPTISTAT DN2 cryostat con-
trolled by an Oxford Instruments Mercury iTC temperature controller
connected to the FLS 980 spectrometer. Time-gated emission spectra and
decayprofileswere recordedusing a pulsedmicrosecondflash lamp (μF1) as
an excitation source. CD and CPL spectra were recorded on JASCO J-810
CD spectropolarimeter and CPL-300 spectrofluoropolarimeter at room
temperature.

PMMA Thin Film Preparation
PMMAandphosphorswere individually dissolved in dichloromethane and
sonicated thoroughly to obtain homogeneous solutions. The desired con-
centrations were prepared by mixing these solutions at the required ratios.
PMMA thin films were then fabricated using the solution spin-coating
method on a quartz substrate. The resulting films were allowed to dry at
room temperature and were subsequently blow-dried using a cold-air
blower for 10minutes to ensure complete solvent removal.

Theoretical calculation
Density functional theory (DFT) and Time-Dependent DFT (TD-DFT)
calculations were performed using the CAM-B3LYP functional with a 6-
31 G (d, p) basis set, as implemented in the Gaussian 16 package. The
solvent effects in the TD-DFT calculations were modelled by the polar-
izable continuum model (PCM),) using the integral equation formalism
variant (IEFPCM). Calculations were carried out in the gas phase for
comparing the single molecular species characteristics in the PMMA

matrix with 1 wt % doping concentration, as this concentration was
expected to reflect conditions with no intermolecular interactions. The
spin-orbit coupling matrix elements were calculated using the ORCA 5.2
programme.

Detailed information on materials and methods is provided in the
Supplementary Methods section of the Supplementary Information file.

Data availability
All data generated or analysed during this study are included in this article
(and its Supplementary Information files). The X-ray crystallographic
coordinates for structures reported in this Article have been deposited at the
Cambridge Crystallographic Data Centre (CCDC), under deposition
number CCDC 2279763 for R-(BN)2C [Supplementary Data 1], CCDC
2279764 for S-(BN)2C [SupplementaryData 2]. These data can be obtained
free of charge fromThe Cambridge Crystallographic Data Centre via www.
ccdc.cam.ac.uk/data_request/cif. The numerical source data underlying the
graphs and charts are given in Supplementary Data 3. The Cartesian
coordinates of all optimized computational structures (ground electronic
states) are provided in Supplementary Data 4. NMR spectra are provided in
Supplementary Data 5.
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