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Axially chiral thiophene scaffolds: configurational
stability and circularly polarized luminescence
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A new type of axially chiral compound, 3,3'-bidithieno[2,3-b:3',2'-d]thiophene (BDTT), bearing aryl groups

(BDTT-Ars) was synthesized and enantiomerically resolved. The racemization of enantiomers showed that
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their inversion barriers (AG) are in the range of 17.32-29.73 kcal mol™t. Among them, BDTT-9An exhibited

exceptional circularly polarized luminescence (CPL) properties, achieving a luminescence dissymmetry
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Introduction

Axially chiral molecules with circularly polarized luminescence
(CPL) have attracted significant research interest in the fields of
organic chemistry, materials chemistry, polymer chemistry,
supramolecular chemistry and bioscience due to their wide use in
3D information displays, biological probes, anti-counterfeiting
and so forth."” In recent decades, axially chiral CPL systems have
mainly focused on hexacyclic aromatic rings as the chiral source,
such as binaphthyl derivatives,**® peri-xanthenoxanthene deriva-
tives,"* biphenyl derivatives,>**, [N-I-N]'-type halogen bonded
dimers,'® and C-N axial chirality systems."” However, the structural
diversity and functional extensibility remain limited owing to
a heavy reliance on conventional scaffolds.*®** This limitation has
hampered the discovery of novel axially chiral skeletons and the
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Fig. 1 The reported axial chirality molecules with CPL, and the
designed BDTT-based axial chiral compounds (BDTT-Ars): molecular
structures with CPL properties.
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in novel optoelectronic materials.

factor |gyuml up to 1072, This work provides critical theoretical insights into non-benzenoid axial chirality

advancement of CPL materials, consequently creating an urgent
demand for rational molecular engineering to develop axially
chiral systems that combine high-performance CPL with excellent
configurational stability.

Thiophene derivatives (Fig. 1) are versatile building blocks in
materials chemistry and organic synthesis,*?® yet few axially
chiral systems based on them have been realized. A rare
example—3,3'-bi(benzo[b]thiophene-S,S-dioxide) derivatives—
exhibits optical properties and configurational stability.>” The
scarcity of such scaffolds stems from the difficulty in con-
structing configurationally stable axially chiral structures from
five-membered heteroaromatic rings. This challenge is further
illustrated by recent axially chiral systems based on azoles,**?®
thiophene,* and related analogues,* which show CPL activity
but suffer from low dissymmetry factors and low racemization
barriers, undermining their long-term stability.

Thieno[2,3-b:3',2-d]thiophene (DTT) is a key building block for
thiophene-based [n]helicenes®*** and organic electronics such as
OLEDs**® and OFETs.” Its dimer, BDTT, was previously identified
by us as a novel axially chiral scaffold,** but its low racemization
barrier has precluded the development of its chiroptical proper-
ties, particularly circularly polarized luminescence (CPL). To
address this issue, we leveraged the well-defined a-sites of BDTT to
install aryl substituents of varying sizes (Fig. 1). This molecular
design serves a dual purpose: sterically enhancing the configura-
tional stability by modulating the atropisomerism energy barrier,
and introducing high-fluorescence quantum yield fluorophores to
transfer the axial chirality into CPL emission. Herein, we report the
design and synthesis of this BDTT series, successfully granting
them attractive CPL properties.

Results and discussion
Construction of BDTT-Ars

The synthetic route to the target BDTT-based axially chiral
compounds (BDTT-Ars) is delineated in Scheme 1. The axially
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Scheme 1 Synthetic route to BDTT-Ars.

chiral precursor BDTT was synthesized via Li/Br exchange of (4-
bromodithieno|[2,3-5:3',2'-d|thiophen-2-yl)trimethylsilane-
(BDTT) and subsequent oxidation with CuCl,. BDTT was
deprotonated by LDA and then quenched with C,Br,Cl, to give
(2-bromo-[3,3’-bidithieno[2,3-5:3',2"-d|thiophene]-5,5'-diyl)bi-
s(trimethylsilane) (BDTT-Br) in 85% yield. After intermolecular
Suzuki coupling reactions for arylation between BDTT-Br and
Ar-Bpin, the target products BDTT-Ph, BDTT-1Np, BDTT-2Np,
BDTT-2An, BDTT-9An and BDTT-1Py were generated with yields
of 95%, 83%, 80%, 82%, 73% and 75%, respectively. The rela-
tively low yields of BDTT-9An and BDTT-1Py are attributed to
the reduced coupling efficiency caused by their significant steric
hindrance. The molecular structures of all target compounds,
BDTT-Ars are confirmed by 'H NMR, *C NMR, HRMS and IR
spectra (see the SI).

Spectroscopic features and electrochemical properties

The UV-Vis absorption spectra of BDTT-Me and all BDTT-Ars
exhibit two major absorption bands within 220-300 nm (band I)
and 310-400 nm (band II). Gradual substitution of the o-H of
BDTT with functional groups of different sizes in BDTT-Ars
from methyl to pyrene leads to a modest shift in the main
absorption peaks located at 313, 314, 319, 328, 329, 380 and 352
nm, respectively (Fig. 2a, and S40). This phenomenon is
attributed to the enhanced conjugation of the axially chiral
molecule with increasing size of the functional substituent, and
the absorption peaks in band II are assigned to HOMO —
LUMO transitions. Cyclic voltammetry (CV) behaviors of BDTT-
Ars showed only one reversible oxidation wave at E; = +1.38 V
for BDTT-Ph, E1 = +1.32 V for BDTT-9An and E1 = +1.58 V for
BDTT-1Py, while BDTT-1Np, BDTT-2Np and BDTT-2An showed
two reversible oxidation waves at E; = +1.37 Vand E, = +1.62 V
for BDTT-1Np, E;, = +1.34 V and E, = +1.67 V for BDTT-2Np and
E; = +1.24 V and E, = +1.58 V for BDTT-2An (vs. Fc/Fc',
Fig. S15). Based on the first oxidation potentials, the HOMO
energy levels were calculated to be —5.70 eV for BDTT-Ph, —5.68
eV for BDTT-1Np, —5.62 eV for BDTT-2Np, —5.53 eV for BDTT-
2An, —5.50 eV for BDTT-9An, and —5.45 eV for BDTT-1Py (Table
S15). With gradually increasing HOMO levels, the optical band
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Fig. 2 a) Absorption spectra and (b) PL spectra of BDTT-Ars in DCM,
[C] =1.0 x 107> M. (c) Steady state photoluminescence spectra and (d)
delayed emission spectra of BDTT-Ars in 2-MTHF ([C] = 1.0 x 107> M)
at 77 K (0.5 ms, delayed). (e) Long afterglow photographs of BDTT-Ars
in 2-MTHF in quartz tubes at 77 K under irradiation of a 365 nm lamp
(5 W).

gaps gradually narrow. Quantum chemistry calculations were
employed to further predict the energy levels and electron-cloud
distributions of the HOMO and LUMO orbitals for BDTT-Ars. As
presented in Fig. S45, BDTT-Ars possess similar HOMO and
LUMO distributions, with the HOMOs mainly distributed over
the aromatic functional group and a small portion on the DTTs,
while the LUMOs are distributed over the aromatic functional
group. The calculated HOMO and LUMO levels are consistent
with the experimental values.

The FL spectra of BDTT-Ars are shown in Fig. 2b. As antici-
pated, BDTT, BDTT-Br, and BDTT-Me exhibit fluorescence
emission that is too weak to be detected due to the heavy-atom
effect of sulfur atoms. However, BDTT-Ars emit intense blue
emission in degassed dilute dichloromethane (DCM) solution.
Their emission peaks are located at 400 (¢ = 0.03%), 403 (® =
0.06%), 408 (& = 0.32%), 445 (® = 0.47%), 358 (¢ = 0.19%) and
446 nm (& = 0.59%) for BDTT-Ph, BDTT-1Np, BDTT-2Np, BDTT-
2An, BDTT-9An and BDTT-1Py in DCM solution respectively, in
line with the trend in A,ps (Fig. 2a). In the solid state, with the
gradual increase of the Ar size, the fluorescence quantum yields
of BDTT-Ars increased due to the increase of intermolecular
interactions among Ar moieties.

It is noteworthy that BDTT-9An exhibits the bluest emission,
which can be attributed to the poor conjugation induced by the
9-substituted anthracene and the DTT moiety with a large
dihedral angle between them. Moreover, the fluorescence
quantum yield increases with the extension of substituent

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Kinetic measurements of the racemization of BDTT-Ars (a-f:
BDTT-Ph, BDTT-1Np, BDTT-2Np, BDTT-2An, BDTT-9An and BDTT-
1Py, respectively).

Table1l The activation kinetic parameters AH and AS of BDTT-Ars and
BDTT-Me

Compound AH/kcal mol ™" AS/J k! AG/keal mol ™!
BDTT-Me 14.68 14.67 13.72
BDTT-Ph 17.47 2.31 17.32
BDTT-1Np 23.24 6.77 22.8
BDTT-2Np 21.26 6.9 20.9
BDTT-2An 24.96 1.92 24.83
BDTT-9An 30.26 8.18 29.73
BDTT-1Py 28.13 8.36 27.58

conjugation, demonstrating that BDTT-Ars can serve as excel-
lent candidates for CPL materials. As previously reported in our
work,*” the heavy atomic effect of sulfur atoms can promote the
decay of intersystem crossing (ISC), resulting in more efficient
phosphorescence intensity. However, no phosphorescence
emission phenomena were observed in the solid powder of
BDTT-Ars due to their high non-radiative rate (Table S15).
Fortunately, we observed dual emission peaks of BDTT-Ars in 2-
methyltetrahydrofuran (2-MTHF) at 77 K. The emission peaks in
the short-wavelength region correspond to their local fluores-
cence emission, while the long-wavelength emission peaks (541,
543, 538, 546, 528, and 656 nm for BDTT-Ph, BDTT-1Np, BDTT-
2Np, BDTT-2An, BDTT-9An and BDTT-1Py, respectively) were
tentatively assigned to their phosphorescence emission
(Fig. 2¢). To verify this hypothesis, a 0.5 ms gated detection was
applied in the detection of the samples. It was observed that the
short-wavelength peaks disappeared, while the long-wavelength

Table 2 Optical and electrochemical data of BDTT-Ars
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peaks remained (Fig. 2d), confirming their long-lived nature.
Further lifetime measurements of the long-wavelength emis-
sion peak revealed lifetimes in the millisecond range (Fig. S47
in SI). Additionally, all samples exhibited an afterglow
phenomenon lasting several seconds at 77 K (Fig. 2e). Theo-
retical calculations further confirm the existence of an efficient
intersystem crossing (ISC) pathway between the singlet and
triplet states in the BDTT-Ar molecules (Fig. S48). These exper-
imental results demonstrate that the sulfur atoms in BDTT-Ars
can facilitate the ISC process, showing significant potential as
phosphorescent materials.

Resolution of BDTT-Ars and barrier for racemization

Racemates BDTT-Ars were successfully resolved into the corre-
sponding enantiomers by using HPLC on a chiral stationary
phase column (Fig. S22-543). The absolute configurations of
these enantiomers were determined through comparison of the
experimental CD spectra (Fig. 4). We performed the racemiza-
tion process of enantiomers BDTT-Ars in 1,2-dichlorobenzene
by heating the enantiomers in a Schlenk tube at different
temperatures. The process was monitored by chiral HPLC
(CHIRALPAK®IB) to obtain the changes in ee values. The half-
life times were measured from the plot of In[(ee + 1)/2] vs. time,
respectively. As shown in Fig. 3 and Table 1, clear linear rela-
tionships were observed in all of these plots, indicating that the
racemization proceeds via a first order reaction.”” Based on
these plots, the activation free energy (AG), heat content (AH)
and entropy (AS) of racemization were calculated as shown in
Table 2. Based on the above results, it can be observed that as
the size of the functional groups gradually increases, the race-
mization barrier of BDTT-Ars progressively rises. Compared to
other five-membered biaryl axially chiral compounds (AG =
23.18 kcal mol™'), namely 3,3'-bibenzo[1,2-b:4,3-b']di-
thiophenes,” BDTT-Ars exhibit superior conformational
stability, comparable to that of BINOL (AG = 23.9 kcal mol ™).
The above experimental results demonstrate that BDTT-Ars
possess good chiral stability and can serve as a non-benzenoid
axially chiral scaffold for constructing chiral materials.

CD and CPL properties

The CD and CPL spectra of the enantiomers BDTT-Ars are
depicted in Fig. 4. Enantiomerically pure BDTT-Ars exhibit
obvious Cotton effects in the range of 220 to 400 nm, with the
maximum positive Cotton effects peaking at 250 nm for BDTT-

Compound A gr, (nm) A pr, (nm) Pr (%) r (ns) Tp (ms) [a]o |gabs] |tum|
BDTT-Me — — — — — —173.1° + 155.2° 1.3 x107* —
BDTT-Ph 401 504, 534 0.03 0.87 10 —675.0° + 692.8° 1.4 x 107* 1.2 x 102
BDTT-1Np 421 506, 542 0.06 2.1 8 —897.3° + 842.5° 3.0 x 107* 7.9 x 1072
BDTT-2Np 416 512, 548 0.32 2.7 4 —770.4° + 742.6° 2.6 x 107* 1.9 x 107
BDTT-2An 432 528, 552 0.47 6.3 110 —1035.8° + 1002.2° 4.4 x 1074 2.7 x107°
BDTT-9An 447 544 0.19 1.7 26 —1185.6° + 1180.2° 23 x10°° 1.1 x 102
BDTT-1Py 446 614, 672 0.59 7.2 75 —1205.3° + 1242.1° 9.7 x 107* 6.0 x 1072

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Chiroptical properties. (a) CD and (b) CPL spectra of enantio-
mers BDTT-Ars in DCM ([C] =1 x 107> M).

Ph, 227 nm for BDTT-1Np, 273 nm for BDTT-2Np, 249 nm for
BDTT-2An, 252 nm for BDTT-9An, and 231 nm for BDTT-1Py,
respectively, with perfect mirror-image profiles in the CD
spectra (Fig. 4a and Table 2). The CPL spectra of (+)-BDTT-Ars
and (—)-BDTT-Ars showed perfect mirror image signals
(Fig. 4b). As shown in Table 2, the luminescence dissymmetry
factors (gjum) of enantiomers BDTT-Ars are listed. From the data
in Table 2, we found that different substitution positions of the
same substituent can lead to varying asymmetric factors in the
enantiomers, for instance, ggprranp > £eprr-2np aNd geprrooan >
Zeprr-24n- According to literature reports,** the dihedral angle of
axially chiral molecules critically influences the asymmetric
factor. Therefore, we attribute the observed differences to
changes in the dihedral angles of BDTT-Ars and the dipole
moments of electric and magnetic transitions, caused by the
steric effects of substituents at different positions. Among
them, BDTT-9An, owing to its strongest steric hindrance,
exhibits the highest asymmetric factor with gy, up to 1.1 x
107% in BDTT-Ars. These results demonstrate that efficient
chirality transfer occurred in the molecules of BDTT-Ars from
the axially chiral BDTT moieties to the aryl moieties with high-
fluorescence quantum yields and high performance CPL.*>*

Conclusions

In summary, the 3,3’-bidithieno|[2,3-5:3',2’-d|thiophene (BDTT)
based axially chiral compounds (BDTT-Ars) were successfully
synthesized through oxidative coupling reaction and arylation.
Incorporating size-varied aryl moieties into the axially chiral
BDTT skeleton modulates their conformational stability,
resulting in an increase in the racemization barrier with the
increasing size of aryl substituents. Among them, BDTT-9An
exhibits the highest racemization barrier of up to 29.73 kcal
mol ', which is higher than that of BINOL (23.9 kcal mol %).
Critically, the axially chiral BDTT scaffold enables efficient
chirality transfer to functional substituents, conferring circu-
larly polarized luminescence. And BDTT-9An exhibits the
highest luminescence dissymmetry factor, reaching the order of
10? in solution. The chirality of BDTT-Ars may be amplified in
chiral supramolecular assemblies** or co-assemblies via fluo-
rescence resonance energy transfer (FRET) processes.** Simul-
taneously, BDTT-Ars demonstrate attractive phosphorescence
emission at 77 K due to the heavy-atom effect of sulfur atoms in

5082 | Chem. Sci, 2026, 17, 5079-5083
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thiophene units. Collectively, this work represents the first
systematic investigation of the chiroptical behaviors of BDTT-
Ars as a new axially chiral scaffold, providing critical theoretical
insights into axial chirality in novel optoelectronic materials.
And it also opens up intriguing possibilities for exploring the
chiral stability and circularly polarized luminescence properties
of BDTT upon functionalization at the two a-positions. Relevant
studies are currently underway.
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