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Circularly polarized luminescent (CPL) materials have garnered
significant attention in recent years for their unique ability to
emit circularly polarized light, enabling promising applications
in advanced optoelectronic devices, including 3D displays,
OLEDs, optical data storage, and spintronic devices."” Notably,
circularly polarized blue-emitting materials are especially
important for developing wide-color-gamut displays and full-
color CPL devices, as blue light serves as a foundational
primary color in the RGB (red, green, blue) model.>” Despite
the increasing demand for CPL materials, the development of
efficient and stable blue-emitting materials remains challen-
ging, as blue light, with its higher energy, is prone to poor
photostability, thermal stability, and oxidation resistance when
compared to its green and red counterparts, while simulta-
neously achieving a high dissymmetry factor (g,m)—a critical
parameter quantifying the degree of circular polarization—is
particularly difficult due to the inherent trade-offs between
luminescence efficiency and molecular design for chirality.®®

Recent advances in blue-emitting circularly polarized lumi-
nescent (CPL) materials aim to address challenges like photo-
stability, thermal stability, and oxidation resistance.”"’
Strategies include using chiral ligands to enhance the
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and commercializable applications.

dissymmetry factor (gj,m) and luminescence efficiency; how-
ever, balancing chirality and efficiency can be difficult."* Hybrid
organic-inorganic systems improve stability and emission
properties but may suffer from inconsistencies in structure and
morphology.">™** Additionally, engineering conjugated poly-
meric systems and introducing bulky groups can enhance
robustness and tune emission wavelengths, but these modifi-
cations can reduce molecular packing efficiency and compli-
cate large-scale fabrication.'>'®

In light of the aforementioned considerations, the proto-
typical axially chiral small molecule 2,2’-bis(diphenylphosphino)-1,
1’-binaphthalene (BINAP) was employed to synthesize a pair of
enantiomers via a one-step methylation reaction. The resulting
methylated derivatives exhibit deep blue emission with a CIE
coordinate y value below 0.08. Moreover, these compounds demon-
strate exceptional thermal stability and antioxidative properties.
These findings underscore the promising potential of these materi-
als as commercially viable candidates for circularly polarized lumi-
nescence applications, particularly in wide-color-gamut OLED
displays, and provide a robust theoretical framework to facilitate
the commercialization of circularly polarized deep-blue-emitting
materials.

These chiral enantiomers, 1A (R-CH;) and 1B (S-CHj3), can be
efficiently prepared in large quantities using literature-reported
methods, with the unbonded lone pairs of electrons on the
phosphorus atoms conferring nucleophilicity for in situ methy-
lation reactions.'”'® Their colourless, transparent, rod-like
microcrystals suitable for X-ray single-crystal diffractions can
be obtained by allowing the filtrate to evaporate slowly at room
temperature. The phase and purity of the as-synthesized enan-
tiomers were further determined through characterization
techniques such as PXRD, "H NMR, FT-IR/Raman, and TG &
DSC (Fig. S1-S5, ESIT). As shown in Fig. 1b, X-ray single-crystal

Mater. Chem. Front., 2025, 9, 2362-2366 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025


https://orcid.org/0000-0002-7264-170X
http://crossmark.crossref.org/dialog/?doi=10.1039/d5qm00119f&domain=pdf&date_stamp=2025-06-02
https://doi.org/10.1039/d5qm00119f
https://rsc.li/frontiers-materials
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qm00119f
https://pubs.rsc.org/en/journals/journal/QM
https://pubs.rsc.org/en/journals/journal/QM?issueid=QM009015

Open Access Article. Published on 30 May 2025. Downloaded on 4/18/2026 11:02:55 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Research Article

©)

e
99

Lone pair
HCI

CH;

+PPh cij

E PPhZCI
CH3

MeOH
Lone pair

PPh
Pth

Mirror

Fig. 1

View Article Online

Materials Chemistry Frontiers

1A: R-CH3
J />i><f/ \\7svx

Better oxidation resistance and durability

: S—CH,

Novel CPL blue-emitting materials

Deep blue emission chiral materials

~Mirror

(a) Strategies for the structure design of chiral organophosphorus compounds for application in display devices. (b) The minimal asymmetric unit

structures of 1A and 1B. (c) The unit cell structures of 1A and 1B; all the crystalline water molecules are omitted for clarity.

diffraction data indicated that these crystalline chiral enantio-
mers belong to the orthorhombic crystal system with the chiral
non-centrosymmetric space group P2,2,2,. The dihedral angles
of the naphthyl rings in 1A and 1B are 98.09° and 98.23°,
respectively. The asymmetric unit contains one organopho-
sphorus cation, in which the two phosphorus atoms have
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undergone an S,2 reaction to form P'-CH;. Additionally, this
unit includes three counter-anions Cl~, one hydrated cation
H;0", and five crystalline water molecules. Furthermore, there
are extensive weak interactions (including O-H- - -O, O-H-: - -Cl,
C-H---n and n-n interactions) within these crystalline chiral
enantiomers, forming a stable noncovalent-bonding network
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Fig. 2 Excitation and emission spectra (a), circularly polarized luminescence spectra (b) and CIE coordinates (c) of 1A at room temperature. Excitation
and emission spectra (d), circularly polarized luminescence spectra (e) and CIE coordinates (f) of 1B at room temperature.
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(Fig. 1c, Fig. S6 and Tables S2-S6, ESIf). In 1A and 1B, n-n
stacking between naphthalene rings and electrostatic interac-
tions stabilize the crystal structure, while facilitating charge
transfer by enhancing molecular proximity, as evidenced by our
photoluminescence data.'®>' Moreover, the fully occupied lone
pair of electrons on the phosphorus atom endows the methy-
lated product with exceptional stability and antioxidant proper-
ties, rendering it highly resistant to oxidative reactions. Even
after three months of air exposure and subsequent ozone
fumigation, its phase and structure remain virtually unchanged,
as confirmed by PXRD, Raman, and infrared spectroscopy
measurements (Fig. S7-S9, ESIT).

To thoroughly explore the possibility of practical applica-
tions of these chiral enantiomers, investigations on the photo-
physical properties of compounds 1A and 1B were conducted at
room temperature. As shown in Fig. 2a and d, their fluores-
cence spectra revealed that both compounds exhibited optimal
excitation wavelengths at 242 nm. Upon excitation at 242 nm,
compound 1A emitted most efficiently at 384 nm, while com-
pound 1B emitted at 386 nm. These results indicate that both
compounds are typical blue-light-emitting materials. Addition-
ally, the narrow emission peaks suggest high color purity for
both compounds. Compared to non-chiral compounds, chiral
compounds not only exhibit conventional photoluminescence
(PL) characteristics but also possess chiral luminescence
features.>” To better characterize the chiral luminescence prop-
erties of 1A and 1B, circularly polarized luminescence (CPL)
spectra were measured at room temperature. As shown in
Fig. 2b and e, both compounds displayed optimal CPL at
388 nm. At this emission wavelength, the asymmetry factor
(g1um) for 1A was approximately -2.2 x 10~ *, whereas for 1B it
was about 2.0 x 1073, This indicates that both compounds
exhibit favourable blue-light CPL performance. Internationally,
the Commission Internationale de I’Eclairage (CIE) coordinates
(CIE,, CIE,) are commonly used to describe the luminescence
color gamut. Using the CIE 1931, the emission spectra of
compounds 1A and 1B were calculated and plotted on color
gamut diagrams. The data indicated that the color coordinates
of the crystalline materials were (0.1657, 0.0444) for 1A and
(0.1707, 0.0565) for 1B (Fig. 2¢ and f). According to the National
Television System Committee (NTSC) deep blue gamut stan-
dard (CIE, < 0.08), both compounds qualify as deep blue
gamut photoluminescence materials.”*>* Compounds 1A and
1B exhibit promising potential as commercial circularly polar-
ized blue light materials for application in the high-end display
industry.

Molecular electrostatic potential (MESP) topology analysis
can directly reveal the fundamental phenomena of through-
space effects (TSE) of molecules, which impart donor-acceptor
properties to the compounds through steric hindrance.>® The
TSE reflects the extent to which the electron cloud of a molecule
interacts across space, a phenomenon that not only governs the
reactivity of the molecule but also influences its ability to act as
a donor or an acceptor in chemical reactions and coordination
processes.’® The MESP maps of 1A and 1B were plotted using
the Gaussian 16 package®’ employing the CAM-B3LYP hybrid
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Fig. 3 Electrostatic potential on the van der Waals surfaces of 1A (a) and
1B (c). The Hirshfeld surface and 2D fingerprint plots for 1A (b) and 1B (d).

meta exchange-correlation functional and the def2-TZVP basis
set.”® The electrostatic potential data indicate that regions
associated with the organic molecules appear red, signifying
higher potential, which suggests that the organophosphate
cations are in an electronically diffuse state and carry a positive
charge. In contrast, regions containing counterions (Cl~ and
H;0") and solvent water molecules appear blue, indicating that
these areas have a higher negative charge density (Fig. 3a and c).
The MESP of 1A and 1B showed very similar features, as
expected for enantiomers, with any apparent difference
resolved by proper alignment. Besides, the Hirshfeld surface
and fingerprint plots can be used to further analyze the types
and compositions of non-covalent interactions in the system
(Fig. 3b and d). The Hirshfeld surface analysis reveals that both
compounds exhibit abundant non-covalent interactions, such
as H---C (C-H- - 1), C-- -H (n- - -H-C), H- - -H, H---O (O-H---0),
and H---Cl (O-H---Cl). The fingerprint plots show that the
H- - -C enrichment ratios for 1A and 1B are 13.6% and 11.1%,
respectively, while the C---H enrichment ratios are approxi-
mately 13.6% and 13.7%. These data suggest that both com-
pounds feature abundant van der Waals interactions.
Additionally, the H---O enrichment ratios for 1A and 1B are
approximately 6.8% and 5.9%, respectively, and the H---Cl
enrichment ratios are around 7.8% and 8.5%. Weak interac-
tions play a key role in ensuring stability at room temperature.
Besides, TG & DSC results demonstrate that these compounds
maintain stability up to 200 °C, while the oxidative tests further
confirm their durability. These combined properties support
the potential applications of these compounds in deep blue
luminescence devices.

The photoluminescence in the organic ammonium salt
system is almost entirely attributed to charge transfer within
the organic cation.”>*° To further analyze the charge transfer
characteristics of 1A and 1B, the band structures and density of
states of the cationic parts were calculated using the DMol3
program,®’ and the molecular orbital distributions of the
cationic groups were analyzed. Theoretical band structures
indicate that both compounds 1A and 1B are indirect
semiconductors, with theoretical band gaps of 2.709 eV and
2.789 eV, respectively (Fig. 4a and c). The theoretical calculation
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Fig. 4 The calculated band structure and density of states of 1A (a) and 1B
(c), and their HOMO and LUMO distributions: ((b) for 1A and (d) for 1B).

results are in good agreement with those of UV-Vis diffuse
reflectance spectroscopy, which supports the accuracy of our
calculation model. This further confirms that the luminescence
of the compound originates from the charge transfer within the
organic phosphonium cations and between the molecules
(Fig. S10, ESIT). The relatively wide band gap lays the founda-
tion for the deep blue emission of the materials. Additionally,
the electrons in the crystals undergo transitions under light
stimulation, manifesting as excited states. In the excited state,
electrons dissipate energy in the form of heat through vibra-
tional relaxation, and some electrons also transition back to the
ground state, releasing energy in the form of light. Molecular
orbital distribution analysis reveals that charge transfer occurs
not only within the molecule, from one naphthalene ring to
another (LUMO to HOMO), but also between molecules, indi-
cating intermolecular charge transfer (Fig. 4b and d). Moreover,
the molecular orbital distributions calculated using the
Gaussian 16 package®” were highly consistent with those
of DMol3, further confirming the charge transfer process
(Fig. 11, ESI¥).

Conclusions

In conclusion, stable blue-emitting enantiomeric crystalline
materials were successfully synthesized via a facile one-step
methylation reaction of phosphine compounds. Compared to
their precursor counterparts, these materials not only preserve
their highly efficient chiral luminescence properties but also
exhibit significantly improved thermal stability and antioxida-
tive performance. Comprehensive spectroscopic analysis and
circular polarization measurements further confirm that the
methylated products emit deep blue light, characterized by a
CIE coordinate y value below 0.08. These findings underscore
the potential of these materials as commercially viable candi-
dates for circularly polarized luminescent applications in wide-
color-gamut OLED displays. This work establishes a theoretical

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025 Mater. Chem. Front., 2025, 9, 2362-2366 |
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framework for advancing the commercialization of circularly
polarized deep-blue-emitting materials.
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