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Practical synthesis and photophysical
characterization of full-color circularly polarized
luminescent 4,7-diaryl-5,6-(R/S)-BINOL-O-[2,1,3]
benzothiadiazoles

Trang T. T. Pham,® Phuong T. H. Chu,1? Bach L. D. Hoang,® Chau M. Vo, Duan V. Le,®
Hien Nguyen,© Thanh-Tuan Bui, ©2® Gioi V. Nguyen, {22 Nikita Salov,®
Gregory Pieters (29 and Tung T. Dang {2 *@

4,7-Dibromo-5,6-(R/S)-BINOL-0O-2,1,3-benzothiadiazole (10) was synthesized quantitatively by an SyAr
reaction of R/S-BINOL and 5,6-difluoro-2,1,3-benzothiadiazole in gram scale and is emerging as an
important building block for the construction of circularly polarized luminescent organic materials. The
4,7-diarylated-5,6-(R/S)-BINOL-O-2,1,3-benzothiadiazoles have been successfully synthesized via Suzuki
cross-coupling reaction with various aryl boronic acids. This synthetic approach is a practical and useful
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Introduction

BINOL, or 1,1'-bi-2-naphthol, is a well-known axially chiral
molecule that was initially synthesized in 1926.' Due to its
stable chiral configuration and versatile functionalities, BINOL
and its derivatives are widely recognized as essential chiral
scaffolds in the field of asymmetric synthesis and materials
science.”® Its unique biaryl structure and excellent chirality
transfer properties make it a valuable ligand in various catalytic
reactions, including asymmetric oxidation, reduction, and C-C
bond forming reactions, as highlighted in the advances of its
synthesis methods.>” Moreover, BINOLs can coordinate with
various metal centers such as aluminum and copper, thereby
expanding their utility in asymmetric catalysis, offering diverse
synthetic possibilities.*® BINOL's use in mechanically inter-
locked molecules (MIMs) facilitates chirality transfer, asym-
metric catalysis, and stereoselective chemo-sensing, with future
advancements possible through the inclusion of additional
stereogenic elements or mechanical chirality.’ The incorpora-
tion of BINOL into metal-organic frameworks (MOFs) has led to
the creation of fluorescent sensors with impressive enantio-
selectivity ratios, crucial for pharmaceutical applications, which
can effectively discriminate between enantiomers and be vital
for drug safety and efficacy.'* BINOL derivatives, especially
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tool to tune circularly polarized luminescent properties.

BINOL-based polymers, exhibit unique circularly polarized
luminescence (CPL) characteristics, a phenomenon where light
is emitted with a specific handedness of circular polarization,
particularly when integrated into solid-state materials or solu-
tions, enhancing their luminescent properties through chiral
perturbation mechanisms.**> de la Moya and his co-workers
introduced a structural design for CPL using inherently achi-
ral BODIPY chromophores paired with a BINOL unit, high-
lighting their potential for developing simple, highly functional
CPL dyes with tunable properties for diverse photonic and
biomolecular applications.** Furthermore, the attachment of an
axially chiral binaphthyl group to the helical carbazole-based
BODIPY structures could enhance the chiroptical properties of
the analogs.' Besides being able to integrate with metals in
asymmetric synthesis, BINOL can also be bound to Pt to form
two chiral complexes, exhibiting both aggregation-induced
phosphorescence and circularly polarized luminescence.*

In the context of optoelectronic devices, BINOL derivatives
(Fig. 1) have been widely explored as CPL emitters for circularly
polarized organic light-emitting diodes (CP-OLEDs), offering
unique advantages such as improved energy efficiency, polari-
zation control, and enhanced display quality. The BINOL unit,
with its strong conjugation effects and excellent ability to
induce chirality in polymer matrices and small organic mole-
cules, along with circularly polarized emission through chiral
perturbation, facilitating its integration into thermally activated
delayed fluorescence (TADF) materials, has led to notable
advancements in organic light-emitting diode (OLED)
technology.”>” The ability to functionalize BINOL through
modern synthetic methods and techniques provides a powerful
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Fig. 1 Circularly polarized luminescent organic and organometallic
materials based on BINOL atropisomer.

route to tune its optical and electronic properties, thereby
expanding its application potential.*®

The design of BINOL with donor-acceptor (D-A) structures
represents a highly promising strategy for developing advanced
materials for CP-OLED applications. For example, Pieters and
co-workers successfully developed BINOL-based TADF mate-
rials in a chiral A-D architecture, achieving high quantum
yields and external quantum efficiency, marking a significant
advancement in CP-OLED research in which benzene-
dicarbonitrile acts as an acceptor unit of the TADF materials,
and carbazole and indolocarbazole are the donor moieties.*>**
Recently, incorporating electron-deficient heterocyclic systems
into the BINOL framework further elevated its utility in CPL-
active materials. Among them, benzothiadiazole (BTD) is
a well-known acceptor unit with strong electron-withdrawing
properties, high thermal stability, and photostability, making
it a versatile fluorophore building block widely used in many
applications, including luminescent materials, organic light-
emitting diodes, organic solar cells, organic field-effect tran-
sistors, biosensors, bio-imaging, and other applications.*>®
Recently, Zheng and co-workers introduced a fluorescent
material based on BTD and chiral binaphthol, enabling CPL
and hybridized local and charge transfer (HLCT) properties,
achieving high external quantum efficiency (EQE) and exciton
utilization in CP-OLEDs, with further efficiency improvements
through sensitization by a TADF material. However, the number
of compounds synthesized in previous studies has been limited,
thereby restricting the exploration and investigation of their
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optoelectronic properties, the structure-property relationships,
as well as their potential applications.*

Numerous studies have proposed synthesis methods and
highlighted the functionalization of BINOL derivatives as well
as benzothiadiazole derivatives. Palladium-catalyzed coupling
reactions are considered one of the most efficient and versatile
methods. Our research focuses on the practical synthesis of 4,7-
dibromo-5,6-(R/S)-BINOL-0-2,1,3-benzothiadiazole ~with 18
different boronic acids via Suzuki cross-coupling reactions to
generate a library of CPL-active derivatives. By combining the
chiral properties of BINOL with the electronic characteristics of
benzothiadiazole, this work provides a robust platform for the
design of next-generation CPL materials with tailored proper-
ties for advanced optoelectronic applications.

Results and discussion

Firstly, our synthetic strategy began with a nucleophilic
aromatic substitution reaction between commercially available
4,7-dibromo-5,6-difluoro-2,1,3-benzothiadiazole (9) and opti-
cally pure (R/S)-BINOL (8), affording intermediate (10) in a 97%
yield on gram scale. This transformation proceeded efficiently
under mild conditions, showcasing the reactivity of the di-
fluorinated benzothiadiazole core towards BINOL-based nucle-
ophiles. Subsequent Suzuki-Miyaura cross-coupling reactions
were performed between the intermediate (10) and a variety of
aryl boronic acids. This step yielded a series of novel 4,7-diaryl-
substituted 5,6-(R/S)-BINOL-benzothiadiazole derivatives (7a-
7s) in moderate to good yields (69-94%). The synthetic details,
including reaction conditions, yields, and purified products, are
summarized in Scheme 1.

The Suzuki coupling reactions proceeded efficiently across
a wide range of aryl boronic acids, with reaction outcomes
strongly influenced by the nature of the substituent.
Compounds bearing simple phenyl and alkyl-substituted aryl
groups (7a-7d and 7q) exhibited the highest yields with clean
profiles and easy purification, with 7b reaching 94%.
Compounds with electron-donating groups such as methoxy
and dimethylamino (7f-7h and 7s) were also prepared in high
yields (86-75%), consistent with the favorable electronic influ-
ence of donors on the coupling process. In contrast, the formyl-
substituted derivatives (7j and 7k) were obtained with slightly
lower yields (72% and 76%, respectively), likely due to the
electron-withdrawing nature of the aldehyde group, which
reduces the nucleophilicity of boronic acid, and the potential
sensitivity under coupling conditions; these products were
slightly more challenging to purify but showed clearly distin-
guishable aldehyde signals in "H NMR spectra. Heteroaryl
boronic acids (71-7n) offered consistently good yields (87-93%),
demonstrating their compatibility with the reaction system and
clean separation.

All final compounds were fully characterized by 'H and “*C
NMR spectroscopy, confirming the expected structures (Fig. 2,
S3 and S4). Of particular interest are compounds 7d and 71,
which showed significantly more complex NMR spectra due to
the presence of multiple isomers. Owing to steric hindrance and
restricted rotation around the aryl-aryl single bonds formed

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1l Scope of Suzukireaction of 4,7-dibromo-5,6-(R/S)-BINOL-benzothiadiazole. Reaction condition: (i) 8 (1 equiv.), 9 (1 equiv.), K;COs (3
equiv.), and DMF (3 mL) at 80 °C. (i) 11 (4 equiv.), Pd(OAc), (10 mol%), SPhos (20 mol%), KsPO4 (4 equiv.), and toluene (3 mL) at 100 °C.

between the chiral BINOL-O-benzothiadiazole core and the
substituted aryl groups, these compounds exhibit four distinct
atropisomers in solution. This results in the splitting of NMR
signals into four separate sets, corresponding to each isomer. In
the "H NMR spectra of 7d and 71 (Fig. 25 and S41), this
phenomenon is clearly visible as multiple sets of signals, often
appearing as four separate peaks or peak clusters for protons in
symmetric environments of the rigid core. Specifically, this
phenomenon can be observed in the aliphatic region, each
signal corresponding to one isomer, while the signal of protons
in the aromatic region easily overlaps with other signals,

© 2026 The Author(s). Published by the Royal Society of Chemistry

making it challenging to separately identify the signals of each
isomer. In addition, the different peak heights of each isomer
could come from the existing ratio in the mixture. Similarly, the
3C NMR spectra exhibit fourfold splitting of several carbon
signals, further supporting the presence of multiple stable
conformers (Fig. S26 and S42).

Interestingly, under the same Suzuki cross-coupling condi-
tions employed for all substrates, the reaction between (R/S)-10
and 4-(N,N-dimethylamino)phenylboronic acid exclusively
afforded the mono-arylated product (7s) rather than the ex-
pected bis-arylated derivative. Thin-layer chromatography (TLC)

RSC Adv, 2026, 16, 25439-25446 | 25441
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monitoring indicated a single product spot, and subsequent
purification yielded 7s as the sole product, with a moderate
isolated yield of approximately 65%. The structure was unam-
biguously confirmed by "H and ">C NMR spectroscopy (Fig. S50
and S51) and mass spectrometry, with NMR spectra showing
characteristic signals consistent with mono-arylation. This
selectivity is likely attributed to the strong electron-donating
nature of the N,N-dimethylamino group, which may signifi-
cantly reduce the reactivity of the intermediate brominated
species toward a second cross-coupling event, possibly by
electron density redistribution or steric hindrance.

The photophysical behavior of compounds 7a-7s was
systematically investigated in dichloromethane (DCM) solution,
revealing their structure—property relationships. Representative
photophysical data are summarized in Fig. 3a, b, S6, S7, and
Table 1. The absorption spectra, dominated by w-* and ICT
transitions, ranged from 317 to 448 nm, depending on the aryl
substituent. Unsubstituted phenyl and alkyl-substituted deriv-
atives (7a-7d and 7q) exhibited absorptions near 325-328 nm,
while donor-containing compounds (7f-7h, 7r and 7s) showed
significant bathochromic shifts up to 440 nm, attributed to
enhanced intramolecular charge transfer (ICT). In contrast,
formyl-substituted derivatives (7j and 7k) presented blue-
shifted absorption around 317-323 nm, reflecting their
electron-deficient nature, which weakens the D-A interaction.

The emission spectra spanned a wide range (418-695 nm),
tunable through electronic modulation. Simple alkyl-
substituted derivatives like 7¢ and 7d emitted around 454-
470 nm, while more electron-rich systems such as 7g, 7h, and 7s
displayed emission maxima significantly red-shifted to 491 nm,

25442 | RSC Adv, 2026, 16, 25439-25446

(a) Structure of 4 isomers of 7i and (b) *H NMR spectra of these 4 isomers.

518 nm, and 695 nm, respectively. Notably, 7s showed the most
red-shifted emission of all compounds, consistent with the
strong donor ability of the N,N-dimethyl group, enhancing
conjugation. Similarly, 7r displayed an emission maximum at
528 nm, illustrating the contribution of extended m-conjugation
from the rigid donor moiety. Particularly interesting are the
heteroaryl derivatives (71-7n), which showed red-shifted emis-
sion relative to their phenyl counterparts, suggesting strong
conjugation between the heterocyclic m-system and the benzo-
thiadiazole core. This trend follows the increased aromatic
character and conjugation length of the heteroaryl group. These
findings underscore the critical role of heteroatoms and fused-
ring systems in fine-tuning the optical properties through
modulation of the electronic delocalization.

The chiroptical properties of the enantiopure (R)- and (S)-7b,
7g, 71, 7n, and 7q were evaluated using electronic circular
dichroism (ECD) spectroscopy (Fig. 3) in chloroform as well as
circularly polarized luminescence (CPL) spectroscopy in DCM
solutions (Fig. 3) at 295 K. As illustrated in Fig. 3¢, each enan-
tiomeric pair exhibited a perfect mirror-image relationship,
demonstrating that chirality was fully preserved throughout the
reaction sequence. Relatively intense ECD signals were
observed between 300 and 400 nm, corresponding to T-7*
transitions of the conjugated benzothiadiazole framework.
Compound 7g showed the strongest positive ECD signal around
320 nm (Ae = +77 M ' em™ "), indicating enhanced chiral
electronic transitions from the electron-donating group.
Heteroaryl derivatives 71 and 7n displayed broader, red-shifted
responses with slightly lower intensities (Ae = +58 and
+35 M~' em™'). Meanwhile, 7b and 7q maintained sharp

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Normalized UV-visible electronic absorption spectra and (b) normalized photoluminescence spectra (filled areas) of 7b, 7f, 7n, and 7r.
(c) Electronic circular dichroism (ECD) spectra of (R)- and (S)-enantiomers of 7b, 7g, 7|, 7n and 7q measured at 295 K. Transient decay profile of
compound 7L in the solid state. All experimental spectra were recorded in DCM (107° M). All detailed properties are shown in Table 1.

Table 1 Photophysical and theoretical calculation data of 7a=7s in DCM

Compound Aabs (NM) Aem (NM) Stokes shift (nm) HOMO (eV) LUMO (eV) AE (eV)
7a 328 475.2 147.2 —5.86 —2.56 3.31
7b 327 490.4 163.4 —5.87 —2.48 3.38
7c 325 478.4 153.4 —5.98 —2.54 3.44
7d 326 454.4 128.4 —6.04 —2.53 3.51
7e 324 484.8 160.8 —-5.91 —2.46 3.45
7f 326 506.4 180.4 —5.79 —2.46 3.33
7g 327 491.2 164.2 —5.59 —2.44 3.15
7h 324 481.6 157.6 —5.89 —2.58 3.32
7i 319 518.3 199.3 —5.59 —2.29 3.29
7j 317 — — —6.24 —3.04 3.21
7k 322 — — —6.21 —2.77 3.43
71 435 544.7 109.7 —5.54 —2.73 2.81
7m 318 510.4 192.4 —5.81 —2.64 3.18
7n 448 550.2 102.2 —5.57 —2.86 2.71
70 324 506.4 182.4 —5.86 —2.64 3.22
7q 326 490.4 164.4 —5.87 —2.48 3.38
7r 388 527.9 139.9 —5.58 —2.78 2.80
7s 438 654.7 216.7

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2026, 16, 25439-25446 | 25443
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Fig.4 CPL (upper curves), gum (middle curves) and total luminescence (lower curves) spectra of (R) (red curve) and (S) (black curve) of 7b and 7q

in DCM (10™* M) at 295 K, excitation at 350 nm.

signals, showing that alkyl groups exert minimal influence on
ECD intensity. Concerning the CPL measurements (Fig. 4),
nearly perfect mirror-image CPL emission profiles were
observed for each enantiomeric pair of 7b and 7q. The corre-
sponding gium values at the emission maxima reached 1.7 x
10~* for 7b and +2.4 x 10~* for 7q in DCM solution.

To gain more insight into the electronic properties and
geometrical structures and to correlate the frontier orbital
energies of the obtained compounds, theoretical calculations
were performed using density functional theory (DFT) with the
B3LYP/6-31g(d,p) method. As shown in Fig. 5, Table 1, and
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Fig. S3-S5 in the SI, the calculated HOMO-LUMO gaps (AE)
across the series range from 3.44 eV (7¢) to 2.71 eV (7n and 7s),
correlating well with the experimentally observed emission
trends: compounds with lower energy band gap values generally
exhibit longer-wavelength emission. We can easily observe that
the HOMOs in most cases are primarily distributed over the -
conjugated system of the BTD core and the aryl substituent,
while the LUMOs remain primarily on the electron-deficient
BTD moiety. Notably, the HOMO-LUMO gaps of 7bs, are
calculated as they are moderately separated (AE = 3.38 eV),
corresponding to its relatively blue emission at 490.4 nm, while
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Fig. 5 Distribution of HOMO and LUMO of compound 7b, 7f, 7l and 7n.
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the introduction of an electron-donating methoxy group slightly
raises the HOMO level (—5.79 eV) of 7f, yielding a quite lower AE
of 3.33 eV, showing that the HOMO-LUMO distributions begin
to show increased orbital overlap between donor and acceptor.
Moving to heterocycles, 71 and especially 7n demonstrate
significantly narrower bandgaps (2.81 eV and 2.71 eV, respec-
tively), driven by stabilized LUMOs and elevated HOMOs due to
their extended w-systems. Their HOMO-LUMO distributions
display pronounced charge delocalization across the heteroaryl
substituents and the BTD core, enabling more effective donor-
acceptor conjugation. This enhanced ICT character results in
strong bathochromic emission shifts.

Notably, the time-resolved photoluminescence measure-
ments of compound 7m in the solid state revealed a relatively
long emission lifetime of © = 1.13 ms (Fig. 6). This lifetime,
which is orders of magnitude longer than typical fluorescence
(nanosecond scale), strongly indicates the involvement of triplet
excited states. Such a millisecond-scale decay is possibly
consistent with phosphorescent emission,***" facilitated by
efficient intersystem crossing (ISC) between singlet and triplet
states. The presence of the electron-deficient benzothiadiazole
core, combined with chiral BINOL units, likely promotes
enhanced spin-orbit coupling, stabilizing the triplet excitons
and enabling long-lived emission.

Conclusions

The successful Suzuki cross-coupling reaction of 4,7-dibromo-
5,6-(R/S)-BINOL-0-2,1,3-benzothiadiazole = under  catalytic
conditions using Pd(OAc), and SPhos ligand with various aryl
boronic acids is reported with excellent yields (up to 94%). A
range of 4,7-diarylated-5,6-(R/S)-BINOL-0-2,1,3-benzothiadia-
zoles have been synthesized and photophysically characterized
by UV, FL and CD spectrometry. Especially, the Stokes shift of
these compounds ranges from 128 to 192 nm, and they exhibit
strong bathochromic emission shifts. Investigation of the
circularly polarized luminescent properties showed strong
electronic circular dichroism. The bandgaps of these

© 2026 The Author(s). Published by the Royal Society of Chemistry
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compounds can be tuned by the Suzuki reaction and range
between 2.71 and 3.51 eV, as revealed by DFT calculations.
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